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ABSTRACT 
 The concept of the chemical bond is essential to our understanding of molecular 
phenomena. G. N. Lewis laid the groundwork for our understanding of chemical bonds nearly a 
century ago in his classic 1916 paper in the Journal of the American Chemical Society, “The 
Atom and the Molecule.” This model was given a firm theoretical foundation by W. Heitler and 
F. London shortly after the discovery of quantum mechanics. The 1930s were most fruitful with 
the formulation of valence bond theory by L. Pauling, G. W. Wheland and J. C. Slater and 
molecular orbital theory by F. Hund and R. S. Mulliken. 
 However, in spite of significant advances in both computational and experimental 
methods, little progress has been made in the development of rigorous conceptual models of 
electronic structure based on high-level solutions of the molecular Schrödinger equation. In this 
dissertation a novel method for the general and systematic development of comprehensive 
electronic structure models is introduced. This computationally driven design approach is applied 
to refine our understanding of generalized valence bond (GVB) theory and to the development of 
the recoupled pair bonding model. The recoupled pair bond model consists of two conceptual 
components, the recoupled pair bond and the recoupled pair bond dyad.  
 The fundamental aspects of the recoupled pair bond, where the electrons that compose an 
atomic or molecular lone pair is recoupled, are introduced through the analysis of the ground, 2Π, 
and low-lying excited, 4Σ–, states of CF, OF and SF. It is shown that the conditional nature of 
recoupled pair bonds formed with 2p and 3p lone pairs, but not 2s lone pairs, is straightforward 
in the framework of GVB theory and is largely governed by the Pauli exclusion principle and can 
be correlated with the correlation of the lone pair and electronegativity of the ligand. Knowledge 
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of the presence or absence of recoupled pair bonds offer valuable insights into the available 
ligand addition pathways a molecular species may participate in. In the presence of a recoupled 
pair bond one such addition pathway is the formation of a recoupled pair bond dyad. The ground 
and excited states of CF2 and SF2 are used to show that the formation of a recoupled pair bond 
dyad is also well predicted by the spatial correlation of the orbitals involved and the 
electronegativity of the ligand.  
 Application of the model in conjunction with an atom-by-atom approach, that constructs 
molecules of increasing complexity through the systematic addition of atoms, shows that the 
recoupled pair bonding model is extremely general and accounts for many aspects of the 
anomalous behavior of the late p-block elements beyond the first row. In this dissertation this 
model is also used to rationalize the electronic structure of two pairs of molecules, NXOH and 
XO2, X = O or S, where the molecules in each pair differ by one valence isoelectronic atom yet 
display vastly different properties. It is found that the perplexing behavior of these valence 
isoelectronic species is accounted for by the presence or absence of recoupled pair bonds, 
recoupled pair bond dyads and through-pair interactions. 
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Chapter 1  
 
Introduction 
 
1.1. Atoms, Molecules and Traditional Models of Electronic Structure 
 Models aimed at illuminating the electronic structure of atoms date back to the 
days of Bohr who, in his most famed work, reproduced experimental spectra by 
formulating the principle of quantization in terms of planetary-like motion of the 
electrons around a central nucleus.1-3 Naturally, as the fields of experimental and 
theoretical chemistry and physics advanced, a growing number of unexplained 
phenomena were observed and further refinement and these conceptual models were 
required. Thus, modern models needed to properly represent the electronic structure of 
atoms and provide reasonable mechanisms through which atoms interact to form 
molecules. In 1904 Richard Abegg observed that the difference in maximum positive and 
negative valence (known today as positive and negative oxidation states) was very often 
equal to eight.4 Gilbert N. Lewis later referred to this empirical observation as Abegg’s 
rule in his historic paper, The Atom and the Molecule.5 Expanding on Abegg’s rule, 
Lewis introduced the cubical atom representation5 in which an atom’s valence electrons 
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are placed at the vertices of a cube. That same year, Walther Kossel, in a similar spirit, 
introduced the spherical model of atoms6 where the atom’s electrons are distributed 
among concentric rings each with a predefined capacity. Both models included the 
concept of quantization as well as a set of basic principles to guide molecular formation, 
i.e., the electron of an atom could occupy a vacancy in another atom’s valence shell. 
These novel atomic representations are considered by many as milestones in the 
development of diagrammatic depictions of atomic and molecular electronic structure. 
Both models portray molecules as being composed of atoms whose electrons and nuclei 
interact in a collective, organized and systematic fashion that dictate observed molecular 
properties. However, a notable deficiency in Lewis and Kossel’s models is the fact that 
they are built on a foundation of empirical observations—there was no underlying theory 
that provided a rigorous basis for exploring and refining these concepts.  
 The introduction of Schrödinger’s equation7-11 provided a new avenue for the 
understanding of the electronic structure of atoms, molecules and the principles that 
govern their interactions. A year after its debut in 1926, Walter Heitler and Fritz London, 
using Schrödinger’s equation and a minimum basis of hydrogen atom eigenfunctions, 
performed calculations on the ground state of H2 demonstrating that the covalent bond in 
this molecule could be reasonably described by a simple wavefunction.12 Building on the 
work of Heitler and London; Linus Pauling,13-19 John Slater20-22 and George Wheland17 
piloted the development of a general method for the construction of electronic 
wavefunctions composed of atomic orbitals (AO), known today as valence bond (VB) 
theory. Although it was impossible to compute VB wavefunctions for many molecules 
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much larger than H2 for decades, the framework provided by VB theory served as the 
basis for rationalizing the properties and reactions of molecules for many years thereafter. 
 In this same period, Robert Mulliken,23-30 Friedrich Hund31 and Sir John Lennard-
Jones32 developed an alternative theory of the electronic structure of molecules to 
interpret molecular spectra. They constructed the electronic wavefunction from molecular 
orbitals (MOs) that were linear combinations of atomic orbitals (AOs). This method was 
aptly named molecular orbital theory. Unlike VB theory, the orbitals in MOs spread out 
over the entire molecule, i.e., they were delocalized orbitals, not localized atomic orbitals 
as in VB theory. (In this work the traditional MO wavefunction is synonymous with 
Hartree-Fock wavefunction.)  
 Arising from traditional VB and MO theory have come numerous conceptual 
models and theories of molecules and their reactions, among the more notable are the 
theories of resonance,18,19 hybridization,13 Hückel33-36 as well as extended Hückel37-40 
theory, frontier orbital theory41 and the Woodward-Hoffman rules42,43 for stereochemical 
pericyclic reactions. Many of the aforementioned models are still used today and some 
also serve as important pedagogical stepping-stones to understanding the properties and 
reactivities of molecules. 
 Progressing alongside (and often times in conjunction with) the development of 
conceptual models was the development of ab initio computational electronic structure 
techniques. The evolution of ab initio methods and their application to further our 
understanding of molecular phenomena have always been closely coupled to the 
capabilities and limitations of the available computational resources. This in turn requires 
computational scientists to strike a balance between the computational resources at hand 
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and the degree of accuracy necessary for addressing a given problem. Today, modern 
computational resources and advances in ab initio software have transformed 
computational electronic structure methods from a qualitative technique during the era of 
Schrödinger, Heitler and London to a quantitative means to predict and direct 
experimental design.44,45 Having the capability to routinely perform high-level 
simulations places new demands on the development of conceptual models of electronic 
structure. Not only must these models conform with the basics of quantum mechanics, 
but they must also predict and guide both experiments as well as high-level computations.  
 A number of computational approaches have been developed to analyze accurate 
and complex electronic wavefunctions.46-51 However, these techniques require that the 
high-level calculations already be completed and require that additional computations be 
performed as part of the analysis. Consequently, the principles of traditional VB and MO 
theory remain the standard predictive tools for the behavior of complex and accurate 
wavefunctions as the VB and MO wavefunctions are commonly used as zeroth order 
reference functions for the highly correlated wavefunctions. However, the predictions 
derived from VB and MO wavefunctions are inevitably subject to the limitations of these 
basic theories and their predictions cannot be expected to be in quantitative agreement 
with the results of high-level calculations. 
1.2. Limitations of VB and MO Theory 
 In spite of the wide spread use of VB and MO theory there are, as mentioned 
above, several fundamental weaknesses of traditional VB and MO theory which prevent 
these theories from yielding consistent predictions of the chemical properties measured in 
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experiments or calculated with high-level wavefunctions. The principle limitations of VB 
and MO theory are covered in this section. 
1.2.1 Identical Representations 
 The first fundamental limitation emerges naturally when considering the 
systematic addition of fluorine atoms to oxygen and sulfur. The ground state valence 
electronic configurations for these two atoms are listed below, where the spatial 
orientation of the p orbitals is explicitly labeled for clarity.  
O = 2s2 2px2 2py12pz1  
S = 3s2 3px2 3py1 3pz1 !
From this starting point, one might naively expect that oxygen and sulfur can each form 
at most two 2-electron bonds, since they each have two unpaired np electrons and, as 
shown by Heitler and London, singlet coupling the spins of the electrons in two orbitals 
on two adjacent atoms is the basis for a covalent bond. However, we know that oxygen 
and sulfur have very different chemistries. Oxygen is, indeed, limited to divalence 
(mostly) while sulfur is capable of forming the stable species SF4 and SF6 (not to mention 
the SF3 and SF5 radicals). The very different maximum valences of oxygen and sulfur are 
not obvious from their atomic configurations. A relevant question to ask at this point is, 
why do the doubly occupied orbitals in sulfur participate in bonding while those in 
oxygen do not? The AOs of these two atoms’ lone pairs are qualitatively similar and thus, 
provides no insight into why the electrons in one lone pair would react differently than in 
the other. A predictive model must be capable of distinguishing between lone pairs while 
avoiding other identical representations of valence isoelectronic atoms and molecules, but 
in both VB and MO theory lone pairs are, in general, indistinguishable.  
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1.2.2. Deficient Description of Bond Dissociation 
 In the majority of chemical reactions chemical bonds are broken and formed. 
Therefore it is necessary that the wavefunctions used to predict the behavior of accurate 
calculations provide a clear picture of the electronic structure as atoms or fragments 
interacting at various internuclear distances.  
 The MO wavefunction for the ground state H2 molecule is: 
 ΨMO = Aˆ φφαβ  1.1 
where  Aˆ  is the antisymmetrizing operator, φ  is the doubly occupied bonding orbital and 
αβ the spin function that singlet couples the two electrons. At the equilibrium distance 
the H2 molecule is well described by the MO wavefunction; however, at long separation 
this wavefunction is still composed of one doubly occupied orbital rather than two singly 
occupied atomic orbitals, an incorrect description of the dissociation asymptote that 
corresponds to an equal mixture of the correct covalent component (HA•HB•) and an 
incorrect ionic component (HA–HB+ + HA+HB–).  
 The (unnormalized) VB wavefunction for H2 molecule may be written as: 
 
ΨVB = AˆϕAϕB
(αβ−βα )
2  1.2
 
This wavefunction uses the hydrogen atomic 1s orbitals ϕA  and ϕB  to construct the 
covalent VB wavefunction. Although the VB wavefunction dissociates to the correct 
atomic fragments it, as well as the MO wavefunction, are limited to the perfect pairing 
spin-coupling pattern that organizes the electrons into fixed electron pairs. Although this 
is not an issue for H2, restricting the spin-coupling pattern will prove to be insufficient to 
properly describe the dissociation of molecules with more than a single covalent bond, 
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see Chapter 5. A detailed discussion describing the need for additional flexibility in the 
spin degrees of freedom is provided in Chapters 2 and 5. 
 In subsequent chapters it will be shown that the generalized valence bond (GVB) 
wavefunction overcomes the limitations of VB and MO theory and is therefore well 
suited to act as the basis of a model designed to predict and elucidate the behavior of 
complex and highly-correlated wavefunctions. For H2 it can be shown that the GVB 
wavefunction is equivalent to a two-configuration MO wavefunction: 
 ΨGVB = c1Aˆ φφαβ + c2Aˆ φ ∗φ∗αβ  1.3 
where φ ∗  is the MO antibonding orbital and a VB wavefunction that includes ionic 
terms as well as the covalent term: 
 
ΨGVB = c1AˆϕAϕB (αβ−βα )2 + c2Aˆ (ϕAϕA +ϕBϕB)αβ  1.4 
Thus, the GVB wavefunction may be considered a generalization of both the MO and VB 
wavefunctions. 
1.3 Computationally Driven Design of Electronic Structure Models 
 It is the aim of the present work to (i) design a general and systematic method of 
developing comprehensive models of the electronic structure of atoms and molecules, 
with an emphasis on the nature of the bonding in molecules, and (ii) apply this approach 
to develop and refine our understanding of molecular electronic structure and of the 
recoupled pair bonding (RPB) model with an emphasis on the anomalous chemistry of 
molecules usually lumped under the rubric of the first row anomaly.52 
 The GVB wavefunction has a number of attractive properties: 
• It properly describes the making and breaking of bonds, a core process in 
chemistry. 
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• It is capable of describing both lone pairs and bond pairs, providing a unique 
means of characterizing both of these basic chemical concepts. 
• It provides necessary flexibility in the coupling of the election spins, allowing 
chemical bonds and their formation to be fully characterized. 
Further, the GVB orbitals, which are determined using the variational principle, are 
unique and, in general, correspond to perturbed atomic orbitals. The above are properties 
we deem necessary for an orbital wavefunction upon which to build a proper model of 
the electronic structure of molecules. But, these characteristics alone are not enough. We 
also need to establish the relationship between the GVB wavefunction (orbitals and spin 
couplings) and the calculated results of highly accurate electronic structure methods.  
Characterization of this relationship involves:  
• Atoms or molecular fragments are systematically perturbed by ligands that span a 
range of given properties, e.g. electronegativity, ionization potential, atomic 
radius, etc. 
• The responses of the GVB wavefunction to these perturbations (e.g. 
delocalization, contraction and hybridization of the GVB orbitals or changes in 
spin-coupling patters) are related to the results of accurate methods, for example 
bond lengths and strengths. 
• The atoms are then placed in various molecular environments and the process is 
repeated to establish a general set of guidelines capable of predicting the results 
obtained in novel (non) bonding arrangements. 
This procedure is general and is in no way limited to the GVB wavefunction or to any 
particular sets of atoms. 
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1.4 Outline  
 The following chapters describe the design and refinement of generalized valence 
bond (GVB) theory and the electronic structure model that results from its application, 
with a particular focus on refining and extending the recoupled pair bonding model. A 
detailed description of GVB theory is provided in Chapters 2, 3 and 4. These three 
chapters lay the foundation for the recoupled pair bonding model and establish the 
connection between GVB theory and the electronic structure of atoms and molecules. 
Practical diagrammatic representations of the GVB wavefunctions of atoms and 
molecules are also introduced in these chapters. These representations may be considered 
to be an extension of Lewis diagrams, with the benefit of providing information on one of 
the most critical aspects of a molecule—its three dimensional structure. 
  Chapter 2 focuses on the GVB description of the two center two electron (2c-2e) 
and two center three electron (2c-3e) interactions in the ground and low-lying excited 
states of CF and SF. The ground states forming standard covalent (and polar covalent) 
bonds and the excited states recoupled pair bonds. Chapter 3 builds upon the results of 
Chapter 2 introducing the notion of recoupled pair bond dyads. Frustrated recoupled pair 
bonds, i.e., bonds in which the recoupling is incomplete, are the topic of Chapter 4. 
Chapters 5 and 6 extend the concepts in the earlier chapters to the π systems of NO and 
NS. Additional studies of X(NO) and X(NS), X = H or F, where X(NO) and X(NS) 
denote the set of isomers (XNO, NOX) and (XNS, NSX) respectively, illustrate the 
interplay between covalent bonds, recoupled pair bonds and recoupled pair bond dyads in 
both the σ and π systems of these molecules. In the remaining chapters the recoupled pair 
bonding model is applied to X(NO) and X(NS) where X is the OH radical (Chapter 7) 
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and a comparison between O3 and SO2, the former being extremely reactive while the 
latter less so (Chapter 8). Finally, concluding remarks and future outlook are presented in 
Chapter 9. 
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Chapter 2  
 
Fundamental Aspects of Recoupled Pair Bonds. Recoupled 
Pair Bonds in Carbon and Sulfur MonoFluoride† 
 
2.1. Introduction 
 Valence is one of the most important concepts in chemistry. The number of singly 
occupied orbitals in the ground-state atomic configuration of an element defines its 
nominal valence. Oxygen with a ground-state atomic configuration of 1s22s22px22py12pz1 
has a nominal valence of two and forms stable compounds such as H2O and F2O (as well 
as the radicals OH and OF, which have one unsatisfied valence). However, main group 
elements beyond the first row regularly form stable molecules that exceed their nominal 
valence, e.g., sulfur, which is in the same group as oxygen, forms SF4 and SF6 in which 
sulfur has a valence of 4 and 6, respectively. Musher1 and Schleyer2 coined the terms 
“hypervalent” and “hypercoordinated,” respectively, to denote molecules where the 
nominal valence of the atoms is exceeded. Several models have been advanced to 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
† Reproduced with permission from the Journal of Chemical Physics 
Dunning, T. H., Jr.; Xu, L. T.; Takeshita, T. Y. Fundamental Aspects of Recoupled Pair Bonds. Recoupled 
Pair Bonds in Carbon and Sulfur MonoFluoride. J. Chem. Phys. 2015, 142, 034113.!
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rationalize the existence of hypervalent species, the most widely accepted today being the 
Rundle-Pimentel 3-center, 4-electron (3c-4e) model, which uses basic molecular orbital 
arguments to rationalize the existence of hypervalent species, 3-5 although this 
rationalization is not without its inconsistencies.6 
 Previous studies of the halides of the second row, late p-block elements by our 
group have shown that hypervalent or hypercoordinated molecules possess a previously 
unrecognized type of bond, a recoupled pair bond.7-15 Recoupled pair bonds and 
recoupled pair bond dyads15 account for the stability of SF4 and SF68 as well as other 
hypervalent species such as PF5,10 ClF3 and ClF5,9 providing a simple, straightforward 
explanation of the low-lying states, structures and energetics of these species as well as 
those of the intermediate SFn, PFn and ClFn radicals. In fact, it has been found that the 
ability of elements beyond the first row to form recoupled pair bonds accounts for a 
number of the differences between the structures, energetics and spectra of compounds of 
the first and second row elements, including differences in reactivity14 —the so-called 
first-row anomaly.15 We have also found that recoupled pair bonds and recoupled pair 
bond dyads are important in the oxides and hydroxides of the second row, late p-block 
elements.16,17 With divalent ligands, such as oxygen, it is possible to form recoupled pair 
bonds in the π systems of molecules as well as in the σ systems.16,17  
 In these earlier studies it was noted that the early p-block elements also form 
recoupled pair bonds, a fact that was recognized much earlier by Goddard and coworkers, 
18-24 but without a specific label for the bond type or an appreciation of the role of this 
type of bond in hypervalent (or hypercoordinated) compounds of the late p-block 
elements. In fact, the carbon atom, with a ground state valence electron configuration of 
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2s22px12pz1, could rightfully be considered hypervalent (or hypercoordinated) in CH4 and 
CF4. Although the tetravalence of the carbon atom is usually rationalized by an appeal to 
the formation of spn hybrids, it is the ability of carbon to form recoupled pair bonds with 
its 2s lone pair that accounts for the higher valences of this element, as well as that in 
other early p-block elements, without the need for the ad hoc introduction of hybrid 
orbitals. As noted by Penotti et al.,25 hybrid orbitals in molecules such as methane arise 
naturally from the optimization of the orbitals in the spin-coupled valence bond (or 
generalized valence bond) wavefunction, although the optimum hybrid orbitals are not 
orthogonal as in classical VB theory. From the above two observations it is clear: 
recoupled pair bonding is the norm, rather than the exception, in chemistry. 
 In generalized valence bond (GVB) theory, as in valence bond (VB) theory, a 
covalent bond is formed by singlet coupling two electrons in a pair of overlapping, singly 
occupied orbitals on each of two centers.26 A recoupled pair bond, on the other hand, 
involves three electrons—two that are initially singlet coupled in a pair of orbitals that 
describe a lone pair on the central atom and the third in a singly occupied orbital on the 
ligand. As the internuclear distance (R) decreases, the electron in the singly occupied 
orbital of the incoming ligand recouples the electrons in the lone pair on the central atom 
to form a central atom-ligand bond pair with the third electron occupying an unpaired, 
singly occupied orbital. This process is represented schematically in Scheme 2.1. 
 In this diagram, the lone pair on the central atom (C) is described by the pair of 
orbitals (φC–, φC+), and φL is the singly occupied orbital on the ligand (L). In the above 
diagram, the singlet-coupled orbitals are placed in the rectangular box at the top; the 
singly occupied, unpaired orbital is in the box at the bottom. In the GVB wavefunction 
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the orbitals are optimized at each internuclear distance, so the orbitals on the right are not 
the same as the orbitals on the left, but, as we shall see, the basic identity of the orbitals is 
retained. 
 In the Hartree-Fock (HF) wavefunction the singlet-coupled orbitals in the above 
diagram are forced to be identical, i.e., the orbital is doubly occupied. This obscures the 
recoupling process described above, which involves an interchange of one of the singly 
occupied lone pair orbitals, φC–, and the ligand orbital, φL. In fact, the HF wavefunction 
and energy is essentially discontinuous in the region where the orbitals are being 
recoupled: as R decreases, the wavefunction retains the atomic coupling scheme until the 
energy penalty is so large that it abruptly switches to the lower energy solution associated 
with the molecular coupling scheme. This behavior is illustrated in Figure 2.1, which is a 
plot of the potential energy curves for the CF(a4Σ-) state from HF and GVB calculations. 
As a result of this behavior, the molecular orbital wavefunction does not smoothly 
describe the formation of recoupled pair bonds, although, as Figure 2.1 shows, the HF 
wavefunction provides a reasonable description of the molecule at either extreme: R = ∞ 
and Re. 
 Unlike the Hartree-Fock (HF) wavefunction, the generalized valence bond (GVB) 
wavefunction18,19 places the three electrons in three separate orbitals that evolve smoothly 
from those for the separated atoms (R = ∞) to those for the molecule (R = Re), enabling 
the electronic structure of a molecule to be firmly connected with that of its constituent 
atoms. Thus, the GVB wavefunction provides an ideal means to study and characterize 
both covalent bonding and recoupled pair bonding. As shown above, this is particularly 
important for recoupled pair bonding, where the bond results from recoupling the 
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electrons in three singly occupied orbitals. As will be shown, the GVB wavefunction 
provides a compelling description of recoupled pair bonding in molecules, even for 
recoupled pair bonds arising from 3p lone pairs where the bonds are conditional, i.e., they 
only form with the right combination of central atom and ligand. 
 The a4Σ– states of CF and SF are archetypal examples of molecules that possess 
recoupled pair bonds. In the CF(a4Σ–) state the electrons in the 2s carbon lone pair are 
recoupled, and the SF(a4Σ–) state involves recoupling the electrons in the 3p lone pair of 
sulfur. The goal of the present chapter is three-fold: (i) extend our earlier, approximate 
GVB calculations on the SF(a4Σ–) state8 by performing full GVB calculations that enable 
us to refine our understanding of the nature of recoupled pair bonds, (ii) explore the 
differences between recoupling 2s lone pairs in the early p-block elements and recoupling 
3p lone pairs in the late p-block elements, and (iii) assess the impact of dynamical 
correlation on the GVB description of the a4Σ– states of CF and SF. In Chapter 2 we will 
report GVB as well as more accurate calculations on the recoupled pair bond dyads that 
arise when a second fluorine atom is added to the a4Σ– states of CF and SF.  
2.2. Theoretical and Computational Considerations 
 The GVB wavefunction has the form of the covalent valence bond wavefunction, 
but the orbitals and spin-coupling coefficients are fully optimized at each nuclear 
configuration. The atomic orbitals respond in a number of ways to molecular formation, 
primarily, by contraction/expansion, polarization/hybridization, and delocalization, 
although other variations are also found, see Refs. 18-24. In turn, the coupling of the 
electron spins changes from that appropriate for the separated atoms to that appropriate 
for the molecule. The GVB wavefunction is more accurate than the HF wavefunction, yet 
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still provides a compact and easily interpretable description of the electronic structure of 
molecules. The GVB wavefunction includes essentially all of the correlation in an “N 
electrons in N orbitals” CASSCF wave function and a major portion of the correlation in 
a full valence CASSCF wavefunction.27,28 These relationships provide a connection 
between the GVB method and a more traditional molecular orbital approach. 
The general GVB wavefunction for a molecule is: 
 
ΨGVB = Aˆφc1φc1φc2φc2!φcncφcncφv1φv1φv2φv2!φcnvφcnvϕa1ϕa2!ϕanaαβαβ!αβ ΘS ,M
na  2.1 
In the above,  is the antisymmetrizer; the set of orbitals, {φci} and {φvi}, are the nc + nv 
doubly occupied core and valence orbitals; and the set of orbitals, {φai}, are the na singly 
occupied active valence orbitals. The total number of electrons is ne = 2(nc+nv) + na. This 
spatial product of orbitals is multiplied by a product of (nc+nv) ab spin functions 
associated with the doubly occupied orbitals times a spin function, ΘS ,M
na , for the 
electrons in the active orbitals. The latter is a linear combination of  spin functions, 
 
ΘS ,M ;k
na , which represent the fSna  linearly independent ways to couple the spins of the na 
electrons in the active orbitals to obtain a spin state with quantum numbers (S, M). The 
number of linearly independent spin functions associated with a given combination of 
(na, S) is: 
 
fS
na =
(2S +1)na !
1
2 na + S +1
⎛
⎝⎜
⎞
⎠⎟
! 12 na − S
⎛
⎝⎜
⎞
⎠⎟
!
 2.2 
Thus, 
ΘS ,M
na = cS ,M ;kΘS ,M ;k
na
k=1
fS
na
∑
 
2.3 
 Aˆ
 fS
na
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In Eq. (3), we use the Kotani spin functions29 for the { ΘS ,M ;k
na }. These functions are 
orthonormal and, thus, the sum of the weights, wk, of the spin functions is unity: 
wk
k
∑ = cS ,M ;k( )
k
∑
2
= 1  2.4 
In this case, the weight wk is a measure of the contribution of the spin function,  ΘS ,M ;k
na , to 
the total GVB wavefunction. 
 In the full GVB calculations carried out here the doubly occupied core and 
valence orbitals, {fci} and {fvi}, and the singly occupied active orbitals {φai} as well as the 
coefficients of the spin functions, {cS,M;k}, are optimized at each internuclear distance (R). 
The doubly occupied orbitals in Equation 2.1 can be taken to be orthogonal to each other 
and to the singly occupied orbitals without changing the wavefunction. However, the 
singly occupied active orbitals are, in general, nonorthogonal. The overlaps between the 
active orbitals provide additional insights into the electronic structure of the molecule. 
 The results of HF and GVB calculations will be reported herein; comparison with 
the results of GVB(SO) and GVB(SO/PP) calculations can be found in the 
Supplementary Information. As noted above, the HF wavefunction can describe the a4Σ– 
states of CF and SF in both the separated atom and molecular limits, but cannot properly 
describe the process of forming the recoupled pair bond. Therefore, we report the results 
of HF calculations on the CF and SF molecules only near their equilibrium geometries. 
The HF calculations were carried out as an MCSCF calculation with only one 
configuration because the MCSCF module appears to be more robust than the HF module 
in Molpro when considering cases that have convergence difficulties. 
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 Although we use the GVB notation to refer to the calculations presented here, the 
full GVB wavefunction is identical to the spin-coupled valence bond (SCVB) 
wavefunction30,31 and this work can be considered an extension of the pioneering work of 
this group as well as an extension of the early work of Goddard and coworkers. The 
calculations reported herein were, in fact, made possible by the methodology developed 
by Thorsteinsson and Cooper and implemented in the CASVB module in Molpro.32 The 
GVB, GVB(SO) and GVB(PP/SO) calculations were carried out using the Molpro fully 
variational CASVB program with the Kotani spin basis.29 
 Because experimental data are not available on the a4Σ– states of both CF and SF, 
we also report benchmark calculations on these states as well as the ground states of these 
molecules using coupled cluster and multireference configuration interactions methods—
this helps quantify the errors associated with the GVB description of molecules. The 
complete active space self-consistent field (CASSCF),27,28 restricted coupled cluster 
single and doubles with perturbative triplets [RCCSD(T)],33-36 and multireference 
configuration interaction (MRCI)37,38 calculations with the quadruples (+Q) 
correction39,40 were also performed with Molpro.32 Because GVB wavefunctions are a 
subset of valence CASSCF wavefunctions, comparison of the GVB and CASSCF results 
enables us to determine the error caused by the restrictions associated with the GVB 
wave function. The CASSCF wavefunction for CF used here was based on the set of 
valence (2s, 2p) orbitals. In the SF(a4Σ–) state a 3dz2 orbital was added to the sulfur (3s, 
3p) valence orbitals as this orbital is required to properly describe the GVB wavefunction 
for the 3pz2 lone pair in the sulfur atom (see Section 2.4). CASSCF wave functions can, 
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of course, be used to describe dynamical correlation effects, but these effects are taken 
into account here using coupled cluster and MRCI techniques. 
 Augmented correlation consistent basis sets of quadruple zeta quality (aug-cc-
pVQZ) were used for carbon and fluorine,41 while the corresponding d-function 
augmented sets [aug-cc-pV(Q+d)Z] were used for sulfur.42,43 These basis sets provide 
accurate solutions of the electronic Schrödinger equation. 
2.3. Ground and First Excited States of CF 
 The ground state valence configuration of the carbon atom is 2s22px12py1. In 
atoms like carbon with unoccupied p-orbitals, a second configuration makes a very 
important contribution to the atomic wavefunction (omitting the doubly occupied core 
orbital): 
 
Ψ[C( 3P)]= c1Aˆ φ2sφ2sϕ2pxϕ2pyαβαα − c2Aˆ φ2pzφ2pzϕ2pxϕ2pyαβαα  2.5a 
Linderberg and Shull recognized the unusual importance of such configurations in the 
beryllium atom in the 1960s.44 For the ground state of the carbon atom, Clementi and 
Veillard45 found that c2 = 0.15, resulting in an energy lowering of 10.87 kcal/mol (our 
calculations, which do not require the 2pz orbital to be identical to the 2px and 2py 
orbitals, also give c2 = 0.15 but with a energy lowering of 11.98 kcal/mol). Inclusion of 
this configuration has a major impact on the atomic wavefunction because of the 
similarities in the energies and spatial extents of the 2s and 2p orbitals (the so-called 2s-
2p near degeneracy effect45). 
 The above two-configuration wavefunction, which is the natural orbital (NO) 
form of the wavefunction, can be rewritten as the (un-normalized) GVB wavefunction: 
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ΨGVB[C(
3P)]= Aˆϕ2s−ϕ2s+ϕ2 pxϕ2 py
αβ − βα
2
⎛
⎝⎜
⎞
⎠⎟
αα
 2.5b
 
where 
 
ϕ2s± =
c1
c1 + c2
ϕ2s ±
c2
c1 + c2
ϕ2pz  2.6
 
Thus, the GVB wavefunction for the C(3P) state, Equation 2.5b, has four singly occupied 
orbitals, which provides a clear basis for the tetravalence of carbon because, as we shall 
see, strong bonds can be formed with the (2s–, 2s+) orbitals as well as the 2px and 2py 
orbitals. The (2s–, 2s+) orbitals are referred to as 2s lobe orbitals and have an overlap 
given by: 
 
S2s−2s+
=
c1 − c2
c1 + c2  2.7
 
For the carbon atom, 
 
S2s–2s+ = 0.74 . Plots of the lobe orbitals as well as one of the 2p 
orbitals (2px) are given in Figure 2.2. Although the two lobe orbitals overlap, they are 
clearly concentrated in different spatial regions: one more on the left side of the atom  
(2s–), and the other more on the right side of the atom (2s+). Thus, they are well 
positioned to form bonds with a ligand. ! Although!the!2s52p!near5degeneracy!has!a!major!impact!on!the!wavefunction!for! the! ground! state! of! the! carbon! atom,! there! is! no! corresponding! effect! in! the!ground!state!(2Π)!of!the!fluorine!atom!as!all!of!the!2p!orbitals!are!occupied.!For!the!present!purpose,!the!GVB!wavefunction!for!the!F(2P)!state!will!be!taken!to!be!the!HF!wavefunction.!We!could,!of!course,!describe!each!of!the!doubly!occupied!orbitals!in!the! HF! wavefunction! by! a! two5orbital! GVB! pair.! Although! this! would! result! in! a!lowering!of! the!energy,!only!minor!changes!are!expected! in!the!resulting!potential!
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energy!curve!since!the!fluorine!lone!pairs!tend!to!remain!singlet!coupled.!Thus,!little!would!be!gained!conceptually!by!using!a!more complicated GVB wavefunction for the 
fluorine atom. 
2.3.1.  GVB Wavefunctions for the Ground and First Excited State of CF 
 The essence of a GVB wavefunction is captured in the valence orbitals, {ϕvi, φai}; 
the coefficients or weights of the spin couplings, {ck,  wk = ck
2 }; and the orbital overlaps, 
Sij, all of which depend on the internuclear distance, R. (The orbital overlaps for i ≠ j are 
only non-zero among the active orbitals, so we have dropped the a subscript in Sij). The 
orbitals, orbital overlaps, and spin coupling coefficients/weights near the equilibrium 
value of R (Re) provide invaluable insights into the electronic structure of the molecule. 
The dependence of the orbitals and spin-coupling coefficients on R provides valuable 
information on how the atoms respond to molecular formation, while the dependence of 
the orbital overlaps on R provides insights into the formation of singlet-coupled pairs 
(e.g., bonds) as well as the Pauli repulsions between the new singlet-coupled pairs and 
the weights provide a direct measure of the importance of a given spin coupling in the 
full GVB wavefunction. 
 The GVB wavefunction for the ground state, X2Π, of CF is constructed by singly 
occupying the 2s–, 2s+, 2px and 2pz orbitals of carbon and the 2pz orbital of fluorine with 
all of the remaining fluorine orbitals (2s, 2px and 2py) being doubly occupied. That is,
 
at 
R = ∞, ϕv1 = 2sF, ϕv2 = 2pxF, ϕv3 = 2pyF, φa1 = 2sy–C, φa2 = 2sy+C, φa3 = 2pzF, φa4 = 2pzC, and 
φa5 = 2pxC with 
 
Θ 1
2,
1
2
5 =Θ 1
2,
1
2;3
5
 
in Equation 2.1, where (2sy–C, 2sy+C) refer to the two hybrids 
described in Equation 2.6 but now with the 2s lobe orbitals aligned along the y-axis rather 
than the z-axis to enable the formation of a σ bond with the electrons in the singly 
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occupied carbon and fluorine 2pz orbitals. The corresponding GVB orbital diagram is 
given in Figure 2.3a. In the separated atom limit (top left), the carbon (2s–, 2s+) lobe 
orbitals are singlet coupled, the carbon (2px, 2pz) orbitals are triplet coupled, and the 
fluorine orbital is coupled with this spin product to give an overall doublet state. As the 
internuclear distance (R) decreases, the orbitals respond to the presence of the other atom 
by contracting/expanding, hybridizing/polarizing, delocalizing, etc. Simultaneously, the 
spin coupling changes to that appropriate for the CF molecule, with the electrons in the 
orbitals correlating with the carbon (2s–, 2s+) pair remaining essentially singlet coupled, 
and those in the orbitals correlating with the carbon and fluorine 2pz orbitals being 
essentially singlet coupled, and the orbital correlating with the carbon 2px orbital having 
α spin. 
 At R = ∞, the wavefunction for the a4Σ– state of CF has ϕv1 = 2sF, ϕv2 = 2pxF, ϕv3 = 
2pyF, φa1 = 2sz–C, φa2 = 2sz+C, φa3 = 2pzF, φa4 = 2pxC, and φa5 = 2pyC withΘ 3
2,
3
2
5 =Θ 3
2,
3
2;4
5  in 
Equation 2.1. As R decreases, the orbitals change as a result of molecular formation and 
the coefficients of all four quartet spin functions become non-zero, although the 
wavefunction is primarily a linear combination of Θ 3
2,
3
2;3
5  and Θ 3
2,
3
2;4
5 . Spin function Θ 3
2,
3
2;4
5  
is the perfect pairing spin function. The GVB orbital diagram for the formation of the 
CF(a4Σ–) state is given in Figure 2.3b. 
2.3.2.  Calculations on the Ground and First Excited State of CF 
 The calculated equilbrium bond distances (Re) and bond energies (De) for the 
CF(X2Π) and CF(a4Σ–) states are listed in Table 2.1, along with the differences in these 
two quantities (Te, ΔRe) and the available experimental data. The potential energy curves 
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for the CF(a4Σ–) state from the GVB and MRCI+Q calculations are plotted in Figure 2.4, 
along with the corresponding potential energy curves for the SF(a4Σ–) state. In Appendix 
A, we report the results of GVB(SO) ands GVB(PP/SO) calculations on the X2Π and a4Σ– 
states of CF and SF and compare these results with those from the GVB calculations. 
 The bond energies obtained from the GVB calculations on CF are a clear 
improvement over those from the HF calculations, by 13.34 kcal/mol for the X2Π state 
and 3.38 kcal/mol for the a4Σ– state. As expected, the bond energies from the CASSCF 
calculations are even larger than those from the GVB calculations (the separated atom 
energies are the same in the GVB and CASSCF calculations, so the additional 
configurations in the CASSCF wavefunction automatically increase De). For the 
CF(X2Π) state the calculated De’s are 118.76 kcal/mol (CASSCF) and 97.21 kcal/mol 
(GVB) for a difference of 21.55 kcal/mol; for the CF(a4Σ–) state the calculated De’s are 
44.04 kcal/mol (CASSCF) and 37.28 kcal/mol (GVB), a difference of only 6.76 kcal/mol. 
The dissociation energy of the X2Π state from the GVB calculations, 97.13 kcal/mol, is 
33.89 kcal/mol smaller than that from the RCCSD(T) calculations, while that for the a4Σ– 
state is only 12.45 kcal/mol smaller than that from these calculations. These differences 
are a reflection of the correlation effects that are not accounted for in the mean-field GVB 
wavefunction and, as expected, are larger in the doublet state than in the high spin quartet 
state. 
 An interesting question is what is the nature of the additional correlation effects 
included in the CASSCF wavefunction that are not in the GVB wavefunction? 
Traditionally, the CASSCF wavefunction has been assumed to only account for non-
dynamical correlation effects. But, one could argue that the GVB wavefunction should 
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account for most, if not all of the non-dynamical correlation effects in molecules since 
the GVB wavefunction includes all of the configurations needed to describe the 
dissociation of the molecule as well as those needed to describe the near-degeneracy 
effects in the atoms. If the GVB wavefunction is used to define non-dynamical 
correlation, then the CASSCF energy includes dynamical as well as non-dynamical 
correlation effects. 
 Hartree-Fock calculations on the X2Π and a4Σ– states of CF predict that the 
excitation energy (Te = ΔDe) is 49.97 kcal/mol, about 10 kcal/mol smaller than that 
predicted by the GVB calculations and more than 30 kcal/mol less that that predicted by 
the RCCSD(T) calculations. As expected, the GVB wavfunction provides a more 
accurate description of the high-spin a4Σ– state than the low-spin X2Π state—GVB 
calculations predicting the  X2Π–a4Σ– splitting to be 59.85 kcal/mol, whereas MRCI+Q 
and RCCSD(T) calculations predict splittings of 81.55 and 81.29 kcal/mol, respectively. 
There are maxima (“humps”) in the calculated potential energy curves for the CF(a4Σ–) 
state; see Figure 2.4. For the GVB wavefunction, the height of the hump is rather large, 
4.47 kcal/mol, with the maximum occuring at 2.10 Å. For the MRCI+Q wavefunction, 
the hump is much smaller (0.61 kcal/mol) and at much larger R (2.31 Å). The recoupling 
of the electrons involved in the recoupoled pair bond along with the repulsive interactions 
between the electrons in the carbon orbitals and those in the lone pair orbitals on fluorine 
likely leads to the oversize hump in the GVB potential energy curve for this state, 
although other interactions could also be important. 
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2.3.3. Analysis of the GVB Wavefunction of the CF(a4Σ -) State   
 As noted above, the essence of a GVB wavefunction is captured in the valence 
orbitals, {ϕvi, φai}; the coefficients or weights of the spin couplings, {ck,  wk = ck
2 }; and the 
orbital overlaps, Sij, all of which depend on the internuclear distance, R. The GVB 
orbitals for the CF(a4Σ–) state are plotted in Figure 2.5 at selected values of ΔR = R – Re 
(Re = 1.326 Å). Only one of the π orbitals of each type is plotted (ϕv2 and φa4). The 
weights of the two major spin functions, wk (k = 3–4), are plotted in Figure 2.6. The 
coefficients of the other two spin functions (k = 1, 2) associated with a five electron 
quartet state are small for all values of R and have not been plotted. 
 Orbitals. At large internuclear separations, ΔR = 2.5 Å, the first two orbitals, φa1 
and φa2, represent the (2s–, 2s+) lobe orbitals on carbon and φa3 is the fluorine 2pz orbital. 
Orbitals φa4 is the carbon 2px(π) orbital, while ϕv1 and ϕv2 are the fluorine 2s and 2px 
orbital. As the internuclear distance decreases the orbitals respond to the presence of the 
other atom. This is evident to varying degrees in all of the orbitals. However, between R 
= ∞ and R = Re, the changes in ϕa1 and ϕa3 are dramatic—these two orbitals essentially 
switch places with a change in phase. (The phase change associated with the interchange 
of orbitals φa1 and φa3 has implications in chemical reactions as first noted by 
Goddard.46,47) 
 There are also important, although less dramatic, changes in the GVB orbitals of 
the CF(a4Σ–) state that are not directly involved in bonding. The singly occupied π 
orbital, φa4, which is a π orbital primarily localized on carbon, builds in anti-bonding 
character as R decreases, which is a consequence of the repulsive interaction between the 
electrons in this orbital with those in the doubly occupied ϕv2 orbital (the fluorine 2pπ 
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orbital). The ϕv2 orbital, in turn, polarizes slightly toward the carbon atom (often referred 
to as “backbonding”), while ϕv1 (the fluorine 2s orbital) is polarized away from the bond 
region to reduce Pauli repulsion48 with the forming CF bond pair. 
 Spin Coupling. Let’s now turn to the other variable in the GVB wavefunction—
the spin couplings. The functional forms of the two dominant spin functions are: 
 
Θ3
2,
3
2;3
5 =
2ααβ −αβα − βαα( )
6
αα  2.8a 
 
Θ3
2
,
3
2
;4
5 =
αβ − βα( )
2
ααα
 2.8b
 
In 
 
Θ3
2,
3
2;3
5  the electrons in orbitals φa1 and φa2 are coupled into a triplet, which is then 
coupled with the electron in φa3 to yield a doublet spin function. In Θ3
2,
3
2;4
5  the electrons φa1 
and φa2 are coupled into a singlet and then coupled with the electron in φa3 to yield a 
doublet spin function. These doublets are then coupled with the electrons in φa4 and φa5 to 
yield an overall quartet state. Equation 2.8b is the perfect pairing (PP) spin function. At 
both R = ∞ and R = Re, the dominant spin function is the PP spin function. However, at 
intermediate values of R, the spin function in Equation 2.8a plays a pivotal role in 
enabling the smooth transition from the atomic coupling scheme with the 2s lobe orbitals 
singlet coupled to the molecular coupling scheme with the C and F bond orbitals singlet 
coupled. 
 The interchange of orbitals (φa1, φa3) coincides with the changes in the weights of 
the two spin functions, which are plotted in Figure 2.6. The weight of 
 
Θ3
2,
3
2;3
5 , w3, in which 
the electrons in orbitals φa1 and φa2 are triplet coupled is zero at R = ∞, builds to a 
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maximum, and then decreases to a very small value at Re. The region in which the 
orbitals interchange begins around ΔR = 1.03 Å (defined, somewhat arbitrarily, as the 
point at which w3 is 1/10-th of its maximum) and ends at ΔR = 0.38 Å (again, when w3 is 
1/10-th of its maximum). The peak in w3 is 0.19 at ΔR = 0.67 Å and the full width at half 
maximum (FWHM) is 0.27 Å. The data characterizing this region is summarized in Table 
2.2, along with the corresponding data for SF.  Although the PP spin function remains 
dominant at all values of R, Θ3
2,
3
2;3
5  plays a critical role in facilitating the recoupling of 
orbitals ϕa1, ϕa2 and ϕa3.  
 Consistent with the dominant spin coupling schemes at both R = ∞ and R = Re, the 
interchange of ϕa1 and ϕa3 can be viewed as recoupling the singlet-coupled pair and is 
schematically in Scheme 2.2. As before, the orbitals in the top box are essentially singlet 
coupled. For this reason, we refer to the bond in the CF(a4Σ–) state as a recoupled pair 
bond. This recoupling is represented schematically in terms of GVB orbital diagrams in 
Figure 2.3b. We refer to the range of R in which the orbitals are recoupled as the 
recoupling region. 
As a result of the importance of 
 
Θ3
2,
3
2;3
5  in the recoupling region, recoupling the orbitals 
would be greatly impeded if this term were not included in the wavefunction. This is the 
case for the HF as well as restricted GVB wavefunctions that use only the perfect pairing 
(PP) spin function. 
 Orbital Overlaps. The overlaps of the GVB (φa1, φa2, φa3) orbitals are plotted in 
Figure 2.7 (as noted, without the “a” subscript). The overlaps of these three orbitals at Re 
are listed in Table 2.3. The change in the overlap of the predominantly singlet-coupled 
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orbitals, S12, is substantial in CF. At large R the overlap increases slightly from its value 
at R = ∞, where S12 = S2s–2s+ = 0.74, until the molecule is well into the recoupling region. 
Then, as the interchange of the orbitals begins to interferes with the pairing, S12 drops to a 
minimum of 0.55 at ΔR = 0.53 Å from its maximum of 0.77 at ΔR = 0.72 Å. After the 
minimum in S12, the overlap of (ϕa1, ϕa2) increases again and by Re the overlap reaches 
0.80. It might be thought that the rather dramatic drop in S12 for the GVB wavefunction is 
the cause of the hump in the potential energy curve of the CF(a4Σ–) state. However, the 
maximum in the hump is at 2.10 Å, which is at substantially larger R than the minimum 
in S12 (1.86 Å). Nonetheless, the changes in the orbitals in the CF(a4Σ–) state as well as 
the change in the spin coupling, which has its maximum at 2.00 Å, may contribute to this 
feature of the GVB potential energy curve. ! The!other!overlaps!in!CF,!S13!and!S23,!are!energetically!unfavorable!overlaps!since!they!represent!overlaps!between!an!unpaired!orbital!and!essentially!a!singlet5coupled! pair.! These! overlaps! give! rise! to! Pauli! repulsion,48! a! consequence! of! the!Pauli!Principle!and!is!similar!to!the!repulsive!interaction!in!the!HeH(2Σ+)!state.49!At!large! R,!φa3,! the! fluorine! 2pz! orbital,! has! small! overlaps! with! the! carbon! 2s! lobe!orbitals,!φa1(2s–)!and!φa2(2s+),!with!S23!being!the!larger!of!the!two!(as!expected).!S23!gradually!increases!with!decreasing!R,!reaching!a!maximum!of!0.20!at!ΔR!=!0.82!Å,!after!which!it!decreases,!but!increases!in!magnitude,!to!50.59!at!ΔR!=!0.48!Å,!before!rising!to!50.43!at!Re!as!φa3! localizes!on!the!back!side!of!the!carbon!atom!and!φa2!is!polarized!toward!and!delocalizes!onto!the!fluorine!atom.!The!shape!of!the!S13!curve!in! CF! is! quite! different,! rising! to! a! maximum! of! 0.15! at! ΔR! =! 0.68! Å! and! then!
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decreasing!to!50.16!at!Re.!In!both!cases!the!change!in!sign!of!S13!and!S23!at!short!R!is!a!manifestation!of!the!phase!change!in!the!φa3!orbital. 
2.4.  Ground and First Excited States of SF 
 The ground state configuration of the sulfur atom is 3s23px3py3pz2 (ignoring the 
1s22s22p6 core). Although the 2p lone pair orbitals in the fluorine atom are taken to be 
doubly occupied, in sulfur, as in carbon, a two-configuration wavefunction 
 
Ψ[S( 3P)]= c1Aˆ φ3sφ3sφ3 pzφ3 pzϕ3 pxϕ3 pyαβαβαα − c2Aˆφ3sφ3sφcφcϕ3 pxϕ3 pyαβαβαα  2.9a 
provides a conceptually different view of the 3p lone pair. In Equation 2.9a the 
correlating orbital, ϕc, for the 3pz long pair could be either a 3dz2 or a 4pz orbital, with the 
3dz2 orbital providing left-right correlation and the 4pz orbital providing in-out 
correlation. As we saw in the carbon atom, left-right correlation facilitates the formation 
of a strong central atom-ligand bond, while we have found that in-out correlation leads to 
weak central atom-ligand interactions.7  
 Hay found that the energy lowering for the sulfur atom was significantly larger 
for a 3dz2 orbital than for a 4pz orbital.50 We also find this to be the case. The 
corresponding two-configuration MCSCF wavefunctions give energy lowerings of 4.9 
kcal/mol (3dz2) and 2.7 kcal/mol (4pz). So, left-right correlation of the sulfur 3pz lone pair 
is more important than in-out correlation, although the energy lowering associated with 
this wavefunction in the sulfur atom is only half of that for the mixed 2s-2p wave 
function in the carbon atom (10.9 kcal/mol). This is a result of the fact that the energy 
and spatial extents of the 3p and 3d orbitals in sulfur are much further separated than the 
2s and 2p orbitals in carbon.  For the 3p lone pair in the sulfur atom, c2 = 0.079. 
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 The two-configuration wavefunction in Equation 2.9a for S(3P) can again be 
rewritten as an un-normalized GVB wavefunction: 
 
ΨGVB = Aˆ φ3sφ3sϕ3 pz−ϕ3 pz+ϕ3 pxϕ3 pyαβ
αβ − βα
2
⎛
⎝⎜
⎞
⎠⎟
αα
 2.9b
 
with 
 
S3 pz−3 pz+ =
c1 − c2
c1 + c2  2.10
 
The overlap between the sulfur (3pz–, 3pz+) lobe orbitals is 0.86. Plots of the two 3p lobe 
orbitals, (3pz–, 3pz+), are given in Figure 2.8, along with a plot of the 3px orbital. Although 
the two 3p lobe orbitals are concentrated on different sides of the sulfur atom, the spatial 
separation of the (3pz–, 3pz+) lobe orbitals is far less than for the (2s–, 2s+) lobe orbitals of 
carbon. This suggests that recoupling the 3p lobe orbitals of sulfur will be more difficult 
than recoupling the 2s lobe orbitals of carbon as it will not be possible for a ligand orbital 
to have a high overlap with one of the 3p lobe orbitals without also having a substantial 
overlap with the other lobe orbital, resulting in significant Pauli repulsion.48  
2.4.1.  GVB Wavefunctions for the Ground and First Excited State of SF ! Construction!of!the!GVB!wavefunction!for!the!SF(X2Π)!state!follows!that!for!the!X2Π!state!of!CF;!see!the!corresponding!GVB!orbital!diagrams!in!Figure!2.9.!In!the!valence!GVB!wavefunction!for!the!SF(a4Σ–)!state!at!R!=!∞,!ϕv1!=!2sF,!ϕv2!=!2pxF,!ϕv3!=!2pyF,!ϕv4!=!3sS,!φa1!=!3pz–S,!φa2!=!3pz+S,!φa3!=!2pzF,!φa4!=!3pxS,!and!φa5!=!3pyS!with!the!spin! function! at! R! =! ∞! for! S(3P)! +! F(2P)! being!
 
Θ3
2,
3
2
5 =Θ3
2,
3
2;4
5 .! Although,! the! GVB!
wavefunction!for!sulfur!with!four!singly!occupied!orbitals!(3px,!3py,!3pz–,!3pz+)!could!be!used! to! rationalize! the! tetravalence!of! the! sulfur! atom,! this! explanation! is!only!
! 34!
valid! if! true!bonds!can!be! formed!with!the!(3pz–,!3pz+)! lobe!orbitals.! In! fact,! this! is!not! generally! the! case,! as! demonstrated! by! the! fact! that! the! SH(4Σ–)! state! arising!from!S(3P)!+!H(2S)!is!not!bound.51!However,!the!SF(a4Σ–)!state!is!bound.8,52!In!other!words,!a! recoupled!pair!bond! involving! the!3p! lone!pair!of! sulfur! is!conditional;! it!will!not!be!formed!unless!the!ligand!has!the!right attributes (see below). 
2.4.2.  Calculations on the Ground and First Excited State of SF  
 The equilbrium bond distances (Re) and bond energies (De) for the SF(X2Π) and 
SF(a4Σ–) states are listed in Table 2.4, along with the differences in these two quantities 
and the available experimental data. The potential energy curves for the SF(a4Σ–) state 
from GVB and MRCI+Q calculations are plotted in Fig. 4 along with the corresponding 
potential energy curves for the CF(a4Σ–) state. 
 For the SF(X2Π) state, Hartree-Fock calculations predict a value for De that is 
10.44 kcal/mol smaller than that from the GVB calculations, slightly smaller than found 
for CF. However, the a4Σ– state is not bound in the HF calculations, De = -2.83 kcal/mol, 
and just barely bound in the GVB calculations, De = 1.70 kcal/mol. Clearly, the SF(a4Σ–) 
state is not well described by simple orbital wavefunctions, even the more accurate GVB 
wavefunction. Relative to the SF(X2Π) state, the GVB wavefunction predicts a Te(ΔDe) 
of 47.87 kcal/mol, which is quite close to the results from the MRCI+Q and RCCSD(T) 
calculations, 48.20 and 47.09 respectively. Thus, unlike CF, the contribution of dynamic 
correlation is similar in the two states. This means that the GVB wavefunction provides a 
comparable description of the quartet and doublet states of SF, an unusual situation, 
which reflects the difficulty of describing the recoupled pair bond formed from the p-lone 
pair in the quartet state.  
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 The SF(X2Π) state with a polar covalent bond is, as expected, more strongly 
bound than the SF(a4Σ–) state with a recoupled pair bond: 83.32 kcal/mol versus 36.23 
kcal/mol [RCCSD(T)], a difference of 47.09 kcal/mol. This is substantially smaller than 
the difference in CF, a reflection of the strength of the polar covalent bond in the 
CF(X2Π) state—CF: 131.02 kcal/mol versus SF: 83.32 kcal/mol—and the slightly weaker 
bond in the SF(a4Σ–) state—SF: 36.23 kcal/mol versus CF: 49.73 kcal/mol. In sharp 
contrast to the results for CF, the bond distance in the a4Σ– state of SF, 1.882 Å, is much 
longer than that in the X2Π state, 1.601 Å [RCCSD(T)]. As we shall see below, the much 
longer bond distance in the SF(a4Σ–) state correlates well with the differences in the 
unfavorable orbital overlaps in the a4Σ– states of SF and CF. 
 For the CF(X2Π) state, the difference in the bond energies from the GVB and 
CASSCF calculations was 21.55 kcal/mol, which compares to just 9.70 kcal/mol in the 
SF(X2Π) state. The differences in bond energies are reversed for the a4Σ– states—6.76 
kcal/mol (CF) versus 8.68 kcal/mol (SF). Thus, the GVB wavefunction provides a 
description of the SF(X2Π) and SF(a4Σ–) states that are very similar to that provided by 
the CASSCF wavefunction. Unfortunately, both wavefunctions provide only a qualitative 
description of the the a4Σ– state of SF, in marked contrast to the situation in CF. The 
binding in this state is just 1.70 kcal/mol (GVB) and 10.38 kcal/mol (CASSCF) versus 
36.23 kcal/mol from RCCSD(T) calculations. Clearly, dynamical correlation is essential 
to obtain even a semiquantitive description of the recoupled pair bond in the SF(a4Σ–) 
state. As expected from the large overlap of the atomic 3p lobe orbitals, the recoupled 
pair bond formed with 3p lone pairs in the late p-block elements is far more difficult to 
describe than the recoupled pair bond formed with 2s lone pairs in the early p-block 
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elements. Recoupled pair bonds formed by recoupling a 3p lone pair are, as noted above, 
conditional bonds—they can only be formed with the right combination of a low 
electronegativity central atom and a very electronegative ligand53 (see below). ! Like! the! potential! energy! curve! for! the! CF(a4Σ–)! state,! there! are! maxima!(humps)!in!the!calculated!potential!energy!curves!for!the!SF(a4Σ–)!state.!For!the!GVB!wavefunction,! the! maximum! in! the! potential! energy! curve! is! very! large,!12.84!kcal/mol,! and! occurs! at! 2.25! Å.! This! is! to! be! compared! to! a! barrier! of! 4.47!kcal/mol!at!2.10!Å!in!CF.!The!hump!in!the!SF!potential!energy!curve!occurs!closer!to!
Re!than!in!CF.!This!hump!is!a!reflection!of!the!difficulty!of!forming!recoupled!bonds!with! p5lone! pair! and! persists! even! in! the! CASSCF! calculations,! although! it! is!dramatically! smaller! (just! 0.62! kcal/mol! at! 2.64! Å).! Strangely! enough,! and! in!contrast! to! CF,! there! is! no! hump! in! the! potential! energy! curve! from! the!MRCI+Q!calculations—dynamical! correlation! clearly! has! a!major! impact! on! both! the! short!and! long! range! behavior! of! the! potential! energy! curve! of! the! SF(a4Σ–)! state.! In!addition,!a!comparison!of!the!SF!and!CF!potential!energy!curves!in!Figure!2.4!shows!that!the!intermediate!to! long!range!behavior!of!the!MRCI+Q!curves!of!the!SF(a4Σ–)!and! CF(a4Σ–)! states! are! very! different—the! SF! curve! approaches! the! asymptote!much!more! slowly! than!does! the!CF! curve.! In! fact,! the! long! range!behavior!of! the!potential!energy!curve!for!the!SF(a4Σ–)!state!is!similar!to!that!for!the!SF(X2Π)!state.8  
2.4.3.  Analysis of the GVB Wavefunction of the SF(a4Σ -) State 
The orbitals for the SF(a4Σ–) state are plotted in Figure 2.10 at selected values of ΔR = R 
– Re (Re = 1.904 Å). Again, only one of the π orbitals of each type is plotted (φa4, ϕv2). 
The weights of the two major spin functions, wk (k = 3–4), are plotted in Figure 2.11 and 
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the characteristics of the recoupling region are listed in Table 2.2. As in CF, the 
coefficients of the other two spin functions are very small for all values of R and have not 
been plotted. 
 Orbitals. At large internuclear separations the orbitals involved in the recoupled 
pair bond, (φa1, φa2, φa3), are essentially the atomic sulfur (3pz–, 3pz+) lobe orbitals and the 
fluorine 2pz orbital. Again, the sulfur 3pz–-like lobe orbital (φa1) and the fluorine 2pz-like 
orbital (φa3), switch places as R decreases (see Figure 2.10). As in CF, this interchange 
coincides with an increase in the weight of Θ
3
2,
3
2;3
5
 (see Figure 2.11), followed by a 
decrease as the interchange is completed. Examination of the two singlet-coupled orbitals 
at Re, (φa1, φa2), reveals a clear resemblance to the GVB orbital pair of F–; see Figure 
2.12. Thus, the bond pair in SF appears to be significantly more ionic than the bond pair 
in the CF(a4Σ–) state as well as more ionic than the polar covalent bond in the SF(X2Π) 
state. The shift of the electron density toward fluorine in the SF(a4Σ–) state has the benefit 
of reducing the Pauli exchange-repulsion between the singlet-coupled (φa1, φa2) pair and 
the electron in the left-over orbital, φa3. This is the major reason why recoupled pair 
bonds formed from 3p lone pairs are only formed with very electronegative elements. 
 As in CF, there are also important changes in the GVB orbitals that are not 
directly involved in bonding. The singly occupied π orbitals, φa4 (and ja5), gain 
antibonding character as a result of the Pauli repulsion. In addition to the changes in the π 
system, the S 3s and F 2s orbitals are both polarized away from the forming SF bond. 
 Orbital Couplings. From the GVB calculations on the SF(a4Σ–) state we find that 
the width of the recoupling region is larger than 0.75 Å. The coupling region begins at 
ΔR = 0.75 Å and is not complete (by the current 10% definition) at Re; at that point, it is 
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still 14% of the maximum. The recoupling begins at much larger R in CF, ΔR = 1.03 Å 
and is complete at ΔR = 0.38 Å. The maximum in w3 is 0.16, occurring at ΔR = 0.51 Å. 
This is slightly less than the maximum of 0.19 in CF at a distance of ΔR = 0.67 Å and 
closer to the calculated Re. Finally, the full width at half maximum (FWHM) in SF is 
0.28 Å, comparable to what it was in CF (0.27 Å). 
 The above results—the onset of recoupling at shorter R, the larger recoupling 
region, the incomplete nature of the recoupling at Re, and the smaller maximum for w3—
are consistent with 3p lone pairs being more difficult to recouple than 2s lone pairs. 
 Orbital Overlaps. The overlaps of the φa1, φa2 and φa3 orbitals are plotted in 
Figure 2.13, and the values at Re are listed in Table 2.3. The dependence of S12, S13 and 
S23 on R in the SF(a4Σ–) state  somewhat different than for the CF(a4Σ–) state—compare 
the curves in Figure 2.13 with those in Figure 2.7. In SF, S12, the overlap between the 
orbitals in the singlet coupled pair, increases to a maximum of 0.92 at ΔR = 0.54 Å and 
then it drops to a minimum of 0.76 at ΔR = 0.34 Å, before rising to 0.80 at Re. The 
overlaps S12 at Re are essentially the same in SF and CF. ! At! large!R,!φa3,! the! fluorine!2pz!orbital,!has!small!overlaps!with! the!3p! lobe!orbitals,!φa1!(3pz–)!and!φa2!(3pz+),!with!the!overlap!of!φa3!with!φa2!being,!as!we!have!seen! before,! the! larger! of! the! two.! As! R! decreases! from! R! =! ∞,! S23! gradually!increases,!reaching!a!maximum!of!0.26!at!ΔR!=!0.68!Å,!after!which!it!decreases!to!50.63! at! ΔR! =! 0.30! Å,! before! rising! slightly! to! 50.60! at!Re.! S23! crosses! zero! at! ΔR! =!0.55!Å.!At!long!R,!S13!also!increases!with!decreasing!R,!reaching!a!maximum!of!0.12!at!ΔR!=!0.77!Å,!after!which!it!decreases!to!50.16!at!ΔR!=!0.43!Å;!there!is!then!a!very!small!maximum!after!which!S13!continues!to!decrease!to!50.19!at!Re.!S13!crosses!zero!
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at!ΔR!=!0.56!Å.!The! large!value!of!S23!at!Re,! the!magnitude!of!which! is!significantly!larger!in!SF!than!in!CF!(0.60!versus!0.43)!is!consistent!with!resulting!much!weaker!and!longer!bond!in!the!SF(a4Σ–)!state. 
2.5. Impact of Dynamical Correlation on GVB Descriptions of the a4Σ– States of CF 
and SF 
 The potential energy curves obtained from GVB calculations on the a4Σ– states of 
CF and SF states differ from those from the MRCI+Q calculations, suggesting that 
dynamical correlation has an impact of the GVB description of recoupled pair bonding 
(the same could be said for the X2Π states, but the relative effect is much larger in the 
a4Σ– state). In this section we assess the effect of dynamical correlation on the GVB 
description of these two states by analyzing the MRCI wavefunctions to extract 
approximate GVB orbitals and spin coupling weights as a function of ΔR. Although the 
orbitals and spin function weights obtained in this way are only approximate, they 
provide useful insights into the effect of dynamical correlation on the GVB description of 
recoupled pair bonding. Appendix A contains the formulas used to extract approximate 
GVB orbitals and spin function weights from the MRCI wavefunctions. 
2.5.1.  The CF(a4Σ–) State 
 There are “humps” in the potential energy curve for the CF(a4Σ–) state in both the 
GVB and MRCI+Q calculations, but the height of the humps differ significantly: 4.47 
kcal/mol at 2.10 Å (GVB) versus 0.61 kcal/mol at 2.31 Å (MRCI+Q).  Inclusion of 
dynamical correlation also increases the calculated binding energy (De) of the CF(a4Σ–) 
state by 11.45 kcal/mol, from 37.28 kcal/mol (GVB) to 48.73 kcal/mol (MRCI+Q). These 
differences are a manifestation of the effect of dynamical correlation on the GVB 
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wavefunctions for the CF(a4Σ–) state. The GVB orbitals involved in the recoupled pair 
bond and the spin function weights, (w3, w4), for the CF(a4Σ–) state are plotted in 
Appendix A. The two sets of orbitals—those from the GVB wavefunction, with the 
strong orthogonality constraint, and those derived from the MRCI wavefunction—are 
remarkably similar, indicating that dynamical correlation has only a minor impact on the 
GVB orbitals of the CF(a4Σ–) state. 
 The two sets of spin function weights are also similar, although there are 
differences in both the positions and magnitudes of the minima and maxima, especially 
the latter. First, the height of the maximum in w3 is reduced to about one fourth of its 
value in the GVB calculations, and, as expected, there is a corresponding decrease in the 
magnitude of the dip in w4, the perfect pairing spin function. In addition, the maxima and 
minima are shifted to somewhat smaller values of ΔR. This indicates that, although spin 
function #3 still plays an important role in the MRCI wavefunction, its contribution is 
diminished and the relative importance of the PP spin function increased. This indicates 
that dynamical correlation facilitates the recoupling of the electrons in the carbon 2s lone 
pair, easing the formation of the recoupled pair bond. 
2.5.2.  The SF(a4Σ–) State 
 For the SF(a4Σ–) state we also find that the two sets of orbitals are remarkably 
similar, again indicating that dynamical correlation has only a minor impact on the GVB 
orbitals of the SF(a4Σ–) state (see Appendix A). However, in this molecule, the impact of 
dynamical correlation on the spin coupling weights is far more dramatic than in the CF 
molecule. First, the height of the maximum in w3 is dramatically reduced, as is the 
magnitude of the dip in w4—in fact, the maxima and dip are negligibly small in the 
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MRCI wavefunction. In addition, the maxima and minima are shifted to smaller values of 
ΔR, although the flatness of the spin weight curves makes the magnitude of the shifts 
difficult to reliably determine. These differences indicate a dramatic decrease in the 
contribution of spin function #3 in the MRCI wavefunction. Thus, for the SF(a4Σ–) state, 
dynamical correlation greatly facilitates the recoupling of the electrons in the sulfur 3p 
lone pair, a fact that is consistent with the rather dramatic impact of dynamical 
correlation on the potential energy curve for this state of SF—large R behavior similar to 
that of the ground state (no hump) combined with a large increase in the well depth. 
Because of the high overlap of the 3p lobe orbitals in the sulfur atom, Pauli repulsion is 
much more significant in the SF(a4Σ–) state than in the CF(a4Σ–) state. Dynamical 
correlation will decrease the Pauli repulsion, which likely accounts for the larger impact 
of dynamical correlation on the excited SF state. 
2.6.  Conclusions 
 From generalized valence bond (GVB) calculations on the ground state (3P) of the 
carbon atom, which has four well separated singly occupied orbitals, as well as on the 
CF(a4Σ–) state, which has three well separated singly occupied orbitals, it is clear that 
carbon can form four strong bonds. This is consistent with the well-known chemistry of 
carbon and does not require ad hoc assumptions about orbital hybridization invoked in 
traditional VB theory. Rather, this result follows naturally from seeking the optimal 
solution of the Schrödinger equation for the GVB wavefunction, with the hybridization of 
the orbitals being determined variationally (although it should be noted that these hybrid 
orbitals are non-orthogonal). The character of the C(2s–, 2s+) lobe orbitals, which 
concentrates the orbitals in different spatial regions, combined with an overlap of the lobe 
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orbitals of just 0.74, enables carbon to form strong covalent and recoupled pair bonds 
with essentially any element. 
 Sulfur can also use its 3pz– and 3pz+ lobe orbitals to form more bonds than 
allowed by its nominal valence (2). But, it can only form bonds with these orbitals—
recoupled pair bonds—with very electronegative ligands: the SH(a4Σ–) state is not bound, 
whereas the SF(a4S–) state is bound by approximately 36 kcal/mol. Although the sulfur 
3p lobe orbitals are concentrated on either side of the atom, they are not as spatially well 
separated as the carbon 2s lobe orbitals, as indicated by the high overlap of the 3p lobe 
orbitals, 0.86. This has important implications for the formation of recoupled pair bonds 
formed with 3p lone pairs in the late p-block elements and distinguishes these bonds from 
the recoupled pair bonds formed with 2s lone pairs in the early p-block elements, which 
are as follows: 
• A ligand orbital cannot strongly overlap with the 3pz+ orbital to form a bond 
without simultaneously having a high overlap with the 3pz– orbital. This gives rise 
to highly unfavorable overlaps between the unpaired orbital and the bond pair at 
short R; the resulting Pauli repulsion leads to unusually long, weak bonds. 
• Because of Pauli repulsion between the electron in the unpaired orbital and the 
recoupled pair bond pair, formation of a strong recoupled pair bond requires the 
bond pair to be localized on the ligand at short R, i.e., the bond must be very 
ionic. Thus, recoupled pair bonds involving the late p-bock elements are only 
formed with very electronegative ligands. 
 Dynamical correlation has an impact on the GVB description of the weakly bound 
a4Σ– states of CF and SF with recoupled pair bonds. The effect is minimal on the GVB 
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orbitals, but it facilitates the recoupling of the electrons in the lone pair, with the impact 
on the recoupling of sulfur 3p lone pairs being substantially larger than on carbon 2s lone 
pairs. This is likely due to the increased importance of Pauli repulsion in the formation of 
the recoupled pair bond in SF. 
 In summary, it is possible to form as many as four bonds to the carbon atom with 
almost any ligand. For the sulfur atom, on the other hand, stable compounds with a 
valence greater than two are only formed with very electronegative ligands. 
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2.7. Schemes 
 
Separated 
Atoms  
Molecule 
ϕC– ϕC+ → ϕL ϕC+ 
ϕL   ϕC–  
Scheme 2.1. Recoupling of the GVB orbitals upon formation of a recoupled pair bond.  
 
 
 
φ2s– 
φ2s+ 
 φ’2pz φ’2s+ 
  
 
  
φ2pz  
 
→ φ’2s– 
 
 
  
 
 
Scheme 2.2. Recoupling of GVB orbitals in the CF(a4Σ–) state. 
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2.8. Figures 
 
Figure 2.1. The HF and GVB potential energy curves for the a4Σ– state of CF. 
 
 
 
 
Figure 2.2. The two 2s-lobe orbitals, (2s–, 2s+), and the 2px(π) orbital for the ground state 
of the carbon atom. 
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Figure 2.3. Orbital diagrams for (a) the CF(X2Π) state and (b) the CF(a4Σ–) state at the 
separated atom limit (left) and for the molecule (right). 
 
 
 
Figure 2.4. GVB and MRCI+Q potential energy curves for the CF(a4Σ–) state (solid 
lines) and the SF(a4Σ–) state (dashed lines). 
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Figure 2.5. GVB valence orbitals of the CF(a4Σ–) state at selected internuclear distances, 
ΔR = R – Re; Re = 1.326 Å. Only one of each of the p orbitals is plotted. 
 
 
Figure. 2.6.  Spin coupling weights, wk (k = 3, 4), for the GVB wavefunction of the 
CF(a4Σ–) state as a function of DR = R – Re; Re = 1.326 Å. 
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Figure 2.7. Overlaps of the GVB active orbitals for the CF(a4Σ–) state as a function of 
ΔR = R – Re; Re = 1.326 Å. 
 
 
 
 
Figure 2.8. The GVB 3p-lobe orbitals, (3pz–, 3pz+), and the 3px(π) orbital for the ground 
state of the sulfur atom. 
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Figure 2.9. Orbital diagrams for (a) the SF(X2Π) state and (b) the SF(a4Σ–) state at the 
separated atom limit (left) and for the molecule (right). 
 
 
 
 
Figure 2.10. GVB valence orbitals of SF(a4Σ–), at selected internuclear distances, ΔR = R 
– Re; Re = 1.904 Å. Only the πx orbitals (φa4, ϕv2) are plotted. 
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Figure 2.11. Weights of the spin coupling coefficients, wk (k = 3, 4), for the GVB 
wavefunction of the SF(a4Σ–) state as a function of ΔR = R – Re; Re = 1.904 Å.  
 
 
 
Figure. 2.12. (a) The GVB bond orbitals, (φa1, φa2) for the SF(a4Σ–) state and (b) the 
GVB orbitals (φ2pz, φ2pz′) for the F–(1S) anion. 
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Figure 2.13. Overlaps of the GVB active orbitals for the SF(a4Σ–) state as a function of 
DR = R – Re, Re = 1.904 Å. !
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2.9. Tables 
Table 2.1.  Calculated and experimental bond energies (De) and bond distances (Re) for 
the ground (X2Π) and lowest-lying excited state (a4Σ–) of CF, along with the differences 
in Re and De for the two states. Energies in kcal/mol, distances in Å. ! CF(X2Π)! ! CF(a4Σ–)! ! ! !
Method! De!! Re! 5 De!! Re! 5 Te(ΔDe)5 ΔRe5
HF! 83.87! 1.251! ! 33.90! 1.306! ! 49.97! 50.055!GVB! 97.13! 1.276! ! 37.28! 1.335! ! 59.85! 50.060!CASSCF! 117.59! 1.270! ! 44.04! 1.328! ! 73.55! 50.058!MRCI+Q! 130.28! 1.275! ! 48.73! 1.326! ! 81.55! 50.051!RCCSD(T)! 131.02! 1.276! ! 49.73! 1.327! ! 81.29! 50.051!
Expt’l5 132.7±2.4a5 1.272b5 5 5 5 5 5 5
a D. L. Hildenbrand, Chem. Phys. Lett. 32, 523 (1975); T. L. Porter, D. E. Mann, and N. Acquista, J. 
Molec. Spectrosc. 16, 228 (1965). 
b S. Saito, Y. Endo, M. Takami, and E. Hirota, J. Chem. Phys. 78, 116 (1983). !! !
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Table 2.2.  Characteristics of the recoupling regions in the a4Σ– states of CF and SF.  
Distances in Å, magnitude of w3 in normalized units. ! ! Recoupling!Region! ! Maximum!in!w3!
GVB$ ! Start ΔR! End ΔR! FWHM! ΔR! Value!
CF! ! 1.03! 0.38! 0.27! 0.67! 0.19!SF! ! 0.75! <0.0! 0.28! 0.51! 0.16!!!!!!!!!
Table 2.3. Overlaps of the three active GVB σ orbitals in the CF(a4Σ–) and SF(a4Σ–) 
states at their respective Re’s. Normalized units. ! ! Favorable! Unfavorable!
GVB$ ! S12! S13! S23!
CF! ! 0.80! 50.16! 50.43!SF! ! 0.80! 50.19! 50.60!
!!! !
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Table$2.4.! !Calculated!and!experimental!bond!energies!(De)!and!bond!distances!(Re)!for!the!ground!(X2Π)!and!lowest5lying!excited!state!(a4Σ–)!of!SF,!along!with!the!differences!in!Re!and!De!for!the!two!states.!Energies!in!kcal/mol,!distances!in!Å.!! SF(X2Π)! ! SF(a4Σ–)! ! ! !
Method! De!! Re! 5 De!! Re! 5 Te(ΔDe)5 ΔRe5
HF! 39.13! 1.566! ! 52.83! 1.875! ! 41.96! 50.309!GVB! 49.57! 1.601! ! 1.70! 1.859! ! 47.87! 50.258!CASSCF! 59.27! 1.604! ! 10.38c! 1.909! ! 57.36! 50.305!MRCI+Q! 81.19! 1.607! ! 32.99! 1.904! ! 48.20! 50.297!RCCSD(T)! 83.32! 1.601! ! 36.23! 1.882! ! 47.09! 50.281!
Expt’l5 82.4±1.6a55 1.60155 5 5 5 5 5 5
a T. Kiang, and R. N. Zare, J. Am. Chem. Soc. 102, 4024 (1980) corrected with the computed value of 
ωe in Ref. 6. 
b T. Amano, and E. Hirota, J. Mol. Spectrosc. 45, 417 (1973). 
c Includes the sulfur 3dz2 orbital in the CASSCF space as in the GVB calculations; with only a valence 
(F2s, F2p, S3s, S3p) CASSCF wavefunction, De = 2.00 kcal/mol. 
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Chapter 3  
 
Fundamental Aspects of Recoupled Pair Bonds. Recoupled 
Pair Bond Dyads in Carbon and Sulfur Difluoride† 
 
3.1. Introduction 
 In Chapter 2 we examined the nature of the recoupled pair bonds in the a4Σ– states 
of CF and SF. Recoupled pair bonds are formed when the electron in a singly occupied 
orbital of a ligand recouples the electrons in a lone pair on the central atom to form a 
bond. This three-electron process results in a central atom-ligand bond pair plus an 
electron in an unpaired, singly occupied orbital. In the early p-block elements, it is the s 
lone pairs that are recoupled. The resulting (s–, s+) lobe orbitals are well separated 
spatially, and bonds can be formed with any ligand without undue Pauli repulsion1 
between the electrons in the bond pair and that in the unpaired, singly occupied orbital. In 
the late p-block elements beyond the first row, the p lone pairs are recoupled first with 
the more strongly bound s lone pairs being recoupled later. However, the overlap of the 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
†Reproduced with permission from the Journal of Chemical Physics 
Dunning, T. H., Jr.; Takeshita, T. Y.; Xu, L. T.; Fundamental Aspects of Recoupled Pair Bonds. Recoupled 
Pair Bond Dyads in Carbon and Sulfur Difluoride. J. Chem. Phys. 2015, 142, 034114.! 
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(p–, p+) lobe orbitals is much higher than that for the (s–, s+) lobe orbitals in the early p-
block elements and, as a result, recoupled pair bonds can only be formed with very 
electronegative ligands, which draw the bond pair away from the unpaired, singly 
occupied orbital, thereby reducing the Pauli repulsion. 
 In previous studies2-6 we found that, for the late p-block elements, formation of a 
second central atom-ligand bond involving the electron in the unpaired, singly occupied 
orbital left over from the formation of the recoupled pair bond results in a bond that is far 
stronger than the recoupled pair bond. Its strength can even be larger than the 
corresponding central atom-ligand covalent bond in the ground state. The resulting 
recoupled pair bond dyad, the combination of a recoupled pair bond plus the second 
central atom-ligand bond, is remarkably stable—the energy of a molecule with a 
recoupled pair bond dyad is often just a few tens of kcal/mol above the energy of the 
molecule in its ground state with two covalent bonds. As a result, the lowest-lying excited 
state of the corresponding XY2 species often possesses recoupled pair bond dyads. The 
stability of the recoupled pair bond dyad is the reason for the existence of hypervalent or 
hypercoordinated compounds, e.g., PF5, ClF3 and SF4 each have one recoupled pair bond 
dyad; ClF5 has two; and SF6 three. 
 In this chapter we will examine several fundamental aspects of the recoupled pair 
bond dyad, again using the carbon and sulfur atoms as representatives of the early and 
late p-block elements, respectively. The a3B1 states of CF2 and SF2 can both possess 
recoupled pair bond dyads in their linear or near-linear configurations, although, as we 
shall see, the nature of the bonding in the two molecules is quite different. We report 
Hartree-Fock (HF), generalized valence bond (GVB), complete active space self-
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consistent field (CASSCF), multireference configuration interaction (MRCI) and coupled 
cluster [RCCSD(T)] calculations on the CF2(a3B1) and SF2(a3B1) states in both linear and 
bent configurations as well as in their bent ground state XY2(X1A1) counterparts. The 
goal of the present work is two-fold: (i) extend our earlier, approximate GVB calculations 
on the SF2(a3B1) state by performing full GVB calculations that enable us to refine our 
understanding of the nature of recoupled pair bond dyads, and (ii) explore the differences 
between recoupled pair bond dyads arising from the 2s lone pair in the early p-block 
elements and recoupled pair bond dyads arising from the 3p lone pair in the late p-block 
elements. 
3.2. Theoretical and Computational Considerations 
 As we saw in Chapter 2, two strengths of modern quantum chemistry are the 
ability to make accurate predictions of the properties of molecules using highly correlated 
wavefunctions and the ability to explain the trends in these properties using orbital-based 
theories. The ability to obtain accurate solutions of the electronic Schrödinger equation 
enables us to gain insights and test more approximate theories such as GVB theory even 
when reliable experimental data is unavailable. This is particularly important in our 
current studies where none of the states of primary interest, the a4Σ– states of CF and SF 
and the a3B1 states CF2 and SF2, have been characterized in the laboratory. 
 The methods used in this work to obtain accurate solutions of the electronic 
Schrödinger equation are the single-reference restricted singles and doubles coupled 
cluster theory with perturbative triples, CCSD(T) and RCCSD(T)7-10, and multireference 
configuration interaction11,12 (MRCI) calculations based on complete active space self-
consistent field (CASSCF) wavefunctions with the quadruples correction13,14 (+Q). The 
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CASSCF wavefunctions for CF2 and SF2 were based on the full set of valence (ns, np) 
orbitals, although for the SF2(a3B1) state a 3dz2 orbital was included as this orbital is 
required to properly describe the GVB wavefunction for the 3pz lone pair in the sulfur 
atom (see Chapter 2). These CASSCF calculations allow us to assess the non-dynamical 
correlation effects included in the GVB wavefunction (although as we noted in the 
previous chapter this comparison raises questions about the definition of such effects). 
Augmented correlation consistent basis sets of quadruple zeta quality (aug-cc-pVQZ) 
were used for carbon and fluorine,15 while the corresponding d-function augmented sets 
[aug-cc-pV(Q+d)Z] were used for sulfur.16,17 These methods, when combined with the 
augmented quadruple zeta basis sets, provide sufficiently accurate solutions of the 
electronic Schrödinger equation that they can serve as benchmarks against which to 
compare the GVB calculations. 
 Although molecular orbital (MO) theory and the associated Hartree-Fock (HF) 
wavefunction are widely used as a basic foundation for chemical reasoning, this 
wavefunction cannot describe many processes of interest to chemists, including the 
making and breaking of chemical bonds. For this reason, our work has focused on 
valence bond-based methods, in particular the generalized valence bond (GVB) 
method.18,19 The GVB wavefunction has the same relationship to traditional VB theory as 
the HF wavefunction has to traditional MO theory—they are variationally optimized 
versions of the VB and MO wavefunctions, respectively. The GVB wavefunction is more 
accurate than the Hartree-Fock (HF) wavefunction, including essentially all of the 
correlation included in a “N electrons in N orbitals” valence complete active space self-
consistent field (CASSCF) wavefunction and a major portion of the correlation included 
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in a full valence CASSCF wavefunction, but is more compact and easier to interpret than 
these multiconfiguration wavefunctions. Thus, the GVB wavefunction provides an ideal 
means to study and characterize bonding in molecules. The GVB method is equivalent to 
the spin-coupled valence bond (SCVB) method20,21 and this work can be considered an 
extension of the pioneering effort as well as the much earlier work of Goddard and 
coworkers. 
 All calculations in this work were performed with the Molpro suite of quantum 
chemical programs.22 The HF calculations were carried out as an MCSCF calculation 
with only one configuration (the MCSCF module appears to be more robust than the HF 
module in Molpro when considering cases that have convergence difficulties). GVB 
calculations were carried out using the Molpro fully variational CASVB program23-25 with 
the Kotani spin basis.26 The complete active space self-consistent field (CASSCF),27-30 
restricted coupled cluster single and doubles with perturbative triplets [RCCSD(T)],7-10 
and multireference configuration interaction (MRCI)11,12 calculations with the quadruples 
(+Q) correction14,31 were also performed with Molpro.22  
3.3.#The#CF2#Molecule#
 The CF2(X1A1) ground state arises from the formation of a second (polar) 
covalent bond involving the singly occupied carbon 2p-like π orbital in the X2Π state of 
CF (orbital φa4 in Figure 2.5) and the singly occupied 2p orbital on the second fluorine 
atom. Likewise, the CF2(a3B1) state arises from the formation of a second singlet coupled 
pair involving the unpaired, singly occupied 2s–-like σ orbital in the a4Σ– state of CF 
(orbital φa3 in Figure 2.5) and the singly occupied 2p orbital on the second fluorine atom. 
Both of these processes represent formation of a (polar) covalent bond and are illustrated 
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in the orbital diagrams in Figure 3.1. 
 The GVB wavefunction for the a3B1 state of CF2 is: 
 ΨGVB[CF2 (a
3B1 )] = Aˆφlp1A2 φlp2A2 φlp 3A2 φlp1B2 φlp2B2 φlp 3B2 ϕa1ϕa2ϕa 3ϕa 4ϕa5ϕa6 (αβ )7Θ1,16   3.1 
Equation 3.1 does not include the doubly occupied core orbitals, although they were, of 
course, included in the calculations. The shorthand notation  represents the orbital 
product, , where i = 1-3 refers to the doubly occupied 2s- and 2p-like lone pair 
orbitals on fluorine atoms A and B; and (ab)n represents the spin product ab…ab with n 
terms. The spin function Θ1,1
6  is the spin function for six active electrons with total spin S 
= 1 and spin projection M = 1 and is a linear combination of nine linearly independent 
spin functions. The GVB wavefunction for the CF2(X1A1) state can be constructed in a 
similar fashion; in this case,  is a linear combination of five linearly independent spin 
functions. Although the large number of spin functions suggests that the GVB 
wavefunctions for the a3B1 and X1A1 states of CF2 may be complicated, for both states, 
the coefficients of only a few spin functions have appreciable magnitudes and their 
interpretation is straightforward. 
 The {φai, i=1-6} in Equation 3.1 are the singly occupied, active GVB orbitals. For 
the CF2(a3B1) state, at large FAC–FB separations, the active orbitals correspond to the s 
(φa1–φa3) and π (φa5–φa6) orbitals of the CFA(a4Σ–) fragment and φa4 corresponds to the 
singly occupied 2pσ orbital of the second fluorine atom, FB. Likewise, there are 
corresponding correlations for the orbitals of the CF2(X1A1) state at large FAC–FB 
separations with those of CF(X2Π) + F(2P). Although the changes in the orbitals with 
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decreasing FAC–FB distances are quantitatively significant, the orbitals, for the most part, 
retain much of their basic character for all separations and, thus, can be clearly identified 
with their atomic (F) or fragment (CF) heritage. The wavefunctions for the CF2(a3B1) and 
CF2(X1A1) states, as well as the linear geometry of the a3B1 state, are represented 
schematically by the orbital diagrams in Figure 3.1 and the full GVB orbitals at the 
equilibrium geometries of the two states are plotted in Figure 3.2. For the a3B1 state, we 
also plotted the orbitals for the optimum linear configuration. We will refer to the 
optimum CF2(a3B1) linear configuration as CF2[3Σ–], the brackets being a reminder that 
this structure is not the equilibrium geometry as the molecule relaxes to a bent CF2(a3B1) 
geometry once the constraint on the FACFB angle is lifted. 
3.3.1. Results of Calculations on the X1A1 and a3B1 States of CF2 
  The results of the calculations on the X1A1 and a3B1 states of CF2 are summarized 
in Table 3.1. The bond lengths (Re) in these two states from the GVB calculations are 
1.294 Å (X1A1) and 1.316 Å (a3B1), which are in good agreement with the values 
obtained from the CCSD(T)/RCCSD(T) calculations, 1.301 Å  and 1.314 Å—the 
differences are just +0.007 Å (X1A1) and -0.002 Å (a3B1). Likewise, the calculated bond 
angles for the two states, 105.0˚ and 117.7˚ (GVB) and 104.8˚ and 119.0˚ 
[CCSD(T)/RCCSD(T)], are in good agreement. As expected, high level [MRCI+Q, 
CCSD(T)/RCCSD(T)] calculations predict values for the bond lengths and bond angles 
for the CF2(X1A1) state that are in excellent agreement with the experimental data.32 
Experimental data on the FAC–FB bond strength in the CF2(X1A1) state is not available. 
However, the calculated singlet-triplet splitting, 57.0o (Te) [CCSD(T)/RCCSD(T)], 
compares well with that determined from luminescence from the CF2(a3B1) state, 56.6 
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kcal/mol (T0),33 which suggests that the calculated bond energy of 125.18 kcal/mol for 
this state is reasonably accurate. The GVB calculations predict a bond energy for the 
CF2(X1A1) state that is 25.03 kcal/mol smaller than that from an RCCSD(T) calculation, 
which is in line with the differences observed in other molecules—the GVB 
wavefunction does not include dynamical correlation, which is essential for quantitative 
predictions of bond energies. 
 Since the unpaired, singly occupied orbital of CF(a4Σ–) is collinear with the CF 
bond orbital, let us first consider a collinear geometry for FAC–FB, i.e., the CF[3Σ–] 
configuration. These results are summarized in Table 3.2. At the GVB level, the FAC–FB 
bond in CF2[3Σ–] is slightly weaker, relative to the CF(a4Σ–) + F(2P) limit, than in the 
CF(a4Σ–) state: 30.63 kcal/mol versus 37.28 kcal/mol and the bond length is slightly 
longer: 1.366 Å versus 1.335 Å. This is in marked contrast with our current studies of the 
SF2(a3B1) state where the energy of the second SF bond in the linear configuration from 
GVB calculations is 74.04 kcal/mol greater than the bond energy in the SF(a4Σ–) state 
(see following section) as was also the case in our earlier RCCSD(T) calculations. That 
this effect is much smaller and of opposite sign in the CF2[3Σ–] configuration is the first 
indication that the recoupled pair bond dyad in the CF2(a3B1)/CF2[3Σ–] state may be very 
different than that in the SF2(a3B1)/SF2[3Σ–] state. 
 The bond in the CF2[3Σ–] configuration also lengthens in the RCCSD(T) 
calculations, although the change is significantly smaller: 0.004 Å [RCCSD(T)] vs. 0.031 
Å (GVB). More importantly, the RCCSD(T) calculations predict that the bond in the 
CF2[3Σ–] configuration is substantially stronger than that in the CF(a4Σ–) state: 69.01 
kcal/mol versus 49.73 kcal/mol, although it is still much weaker than the CF bond in the 
! 66!
CF2(X1A1) state, whose strength is 125.18 kcal/mol. These differences also indicate that 
the electronic structure of the CF2[3Σ–] configuration, a state formed by recoupling the 
carbon 2s lobe orbitals, is markedly different than that of the SF2[3Σ–] configuration, 
which is formed by recoupling the sulfur 3p lobe orbitals (see next section). The same 
holds true as the molecules relax to their equilibrium 3B1 structures. 
 The small bond angle in the CF2(X1A1) state, 105.0˚/104.8˚ [GVB/CCSD(T)], is 
consistent with the formation of a second C–F bond with the π orbital in the CF(X2Π) 
state, while the larger bond angle in the CF2(a3B1) state, 117.7˚/119.0˚ 
[GVB/RCCSD(T)], is consistent with two bonds involving more carbon 2s character (see 
Figures 3.1 and 3.2) as would be expected for a bond to a 2s lobe orbital. In fact, the 
FAC–FB bond of the CF2[3Σ–] configuration strengthens dramatically on bending—De 
increases from 30.63 kcal/mol to 113.71 kcal/mol at the GVB level and from 69.01 
kcal/mol to 149.47 kcal/mol at the RCCSD(T) level yielding increases in De of 83.08 
(GVB) and 80.46 kcal/mol [RCCSD(T)]! The FAC–FB(a3B1) bond is now 13.56 kcal/mol 
(GVB) and 24.29 kcal/mol [CCSD(T)/RCCSD(T)] stronger than the second covalent 
bond in the CF2(X1A1) state. As a result, the energy difference between the ground and 
first excited state drops from 59.85 (GVB) and 81.29 kcal/mol [CCSD(T)/RCCSD(T)] in 
CF to 46.29 (GVB) and 57.00 kcal/mol [CCSD(T)/RCCSD(T)] in CF2. 
 The strongly bent structure of the CF2(a3B1) state is a result of (i) repulsive 
interactions between the electrons in the CF bonds and fluorine lone pairs and the 
electron in the singly occupied in-plane a1 orbital (φa5 in Figure 3.2) and (ii) 
incorporation of additional 2p character in the carbon bonding orbital, which strengthens 
the bond. The additonal 2p character gained by relaxing from CF2[3Σ–] to CF2(a3B1) is 
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evident in the two carbon bonding orbitals (φa2, φa3) in Figure 3.2. In some earlier 
studies,18,34-36 the second CF bond was viewed as being formed by singlet coupling the 
singly occupied fluorine 2p orbital with one of the carbon 2s lobe orbitals in the CF(X2Π) 
state, which have rotated away from the CF bond and fluorine lone pairs. Our findings 
are consistent with this interpretation. Because of the strengthening of the CF bond upon 
bending, the barrier to linearity is very large: 83.08 kcal/mol (GVB) and 80.46 kcal/mol 
[RCCSD(T)]. 
 The results from the GVB calculations are significantly better than those from the 
HF calculations, e.g., bond energies improve by 12-14 kcal/mol. The CASSCF 
calculations further improve the predicted bond energies for both states, with the 
improvement for the a3B1 state, 15.50 kcal/mol, being significantly larger than that for 
the X1A1 state, 4.91 kcal/mol. 
3.3.2. Analysis of the GVB Wavefunction of the CF2(a3B1) State   
 For most chemical purposes, the essence of a GVB wavefunction is captured in 
the valence orbitals, {ϕvi, φai}; the overlaps between the active orbitals, Sij (dropping the 
“a” subscript); and the spin coupling coefficients, {ck} or related weights, { }; all 
of which depend on the geometry (RFAC, RCFB, Θ). The dependence of the orbitals and 
spin coupling coefficients on geometry provide valuable information on how the atoms 
respond to molecular formation, while the dependence of the orbital overlaps provides 
insights into the formation of singlet-coupled pairs (bonds) as well as Pauli repulsions 
between the singlet-coupled pairs. Finally, the spin coupling weights, the sum of which is 
unity, provide a direct measure of the importance of a given spin function, or spin 
 wk = ck
2
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coupling scheme, in the full GVB wavefunction. In this section we analyze the orbitals, 
overlaps, and spin function weights for the GVB wavefunction for the X1A1 and a3B1 
states of CF2 as well as the linear configuration, CF2[3Σ–]. 
The active GVB orbitals for the X1A1 and a3B1 states of CF2 at their respective 
equilibrium geometries are plotted in Figure 3.2, along with the CF2[3Σ–] orbitals. The 
GVB orbitals for the CF2[3Σ–] state at selected values of ΔR = R – Re (Re = 1.333 Å) are 
plotted in Figure 3.3. From ΔR = 1.5 Å to ΔR = 0.0 Å, the orbitals change as expected for 
the formation of a polar covalent bond between carbon and fluorine—the orbital on the 
more electronegative fluorine atom (φa4) changes very little, while that on the much less 
electronegative carbon atom (φa3) polarizes toward and eventually delocalizes onto the 
incoming fluorine atom building Cδ+Fδ– character into the wavefunction. There are only 
slight changes in the orbitals involved in the other bond pair. The π orbitals, φa5 (and φa6, 
which is not plotted), build in a small amount of antibonding character as ΔR decreases as 
a result of the interaction of the electrons in these orbitals with those in the lone pair p 
orbitals on the fluorine atoms. 
 The spin function in the GVB wavefunction for CF2, Equation 3.1, represents the 
coupling between the electrons in the active GVB orbitals. As noted above, for a six-
electron triplet state,  is a linear combination of nine different, linearly independent 
spin functions. At R(FAC–FB) = ∞, with the Kotani spin functions and the orbital ordering 
given in Figure 3.3, there are only three spin functions with significant weights: #4, #7 
and #9; see Figure 3.4. Together, these three spin functions describe an electronic 
configuration in which the three electrons in the unpaired, singly occupied orbitals of the 
CF(a4Σ–) state are coupled into a quartet; that spin function is then coupled with the 
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electron in the singly occupied orbital on the incoming fluorine atom to yield a 3Σ–(3B1) 
state. As R(FAC–FB) decreases, w9 increases in value and (w4, w7) decrease in value. Spin 
function #9 couples the electrons in the orbitals pairs, (φa1, φa2) and (φa3, φa4), for the FA–
C and C–FB bonds into singlets and then couples the electrons in the πx and πy orbitals 
(φa5, φa6) into a triplet; this is the perfect pairing (PP) spin function for the CF2[3Σ–/a3B1] 
state. The variations of the weights of the three dominant spin functions for CF2[3Σ–] with 
ΔR are plotted in Figure 3.5. At the optimum geometry for CF2[3Σ–], w9 = 0.892, so there 
is a small, but non-negligible deviation from perfect pairing in the linear configuration. 
The weight of the PP spin function increases as the CF2 molecule relaxes to its 
equilibrium, bent geometry; at this point, w9 = 0.993. By comparison, for the CF2(X1A1) 
state at its equilibrium geometry, the weight of the PP spin function is 0.996. Thus, at 
their equilibrium geometries both the CF2(X1A1) and CF2(a3B1) states are very well 
described by the perfect pairing spin coupling and have two well defined (polar) covalent 
bonds. 
 The overlaps of the orbitals in the singlet-coupled bond pairs, (S12, S34), in the 
CF2(X1A1) and CF2(a3B1) states at their respective equilibrium geometries are quite 
similar, 0.83-0.81, while the overlap of the bond orbitals in CF2[3Σ–] is less, 0.77; see 
Figure 3.2. This difference is in line with the weaker bonds in the linear configuration 
and the strengthening of the bonds and decrease in the bond length as the molecule bends, 
relaxing to the equilibrium structure of CF2(a3B1). The lone pair orbitals on the carbon 
atom in the X1A1 state that are derived from the carbon (2s–, 2s+) lobe orbitals, (φa5, φa6) 
in Figure 3.2, have an overlap of 0.71. This overlap is comparable to, if slightly smaller 
than, that in the carbon atom, 0.74. The overlaps between the GVB orbitals in singlet-
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coupled pairs are indicative of strongly paired singlets—they are “good” in the sense that, 
in general, the larger the magnitude of the overlaps between these orbitals, the stronger 
the bonding.  
 On the other hand, the overlaps between the orbitals in different singlet-coupled 
bond pairs are “bad.” These overlaps give rise to Pauli repulsion.1 In Figure 3.2 the CF2 
orbital overlaps S13, S14, S23, S35 and S45 are “bad” overlaps. In general, the larger the 
magnitudes of these overlaps are, the larger the Pauli repulsion between the singlet-
coupled pairs. The largest “bad” overlaps tend to be between the orbitals on a given atom 
that are participating in different bonds or orbitals. For example, in the bent CF2(a3B1) 
state, the largest overlap is between the carbon bond orbitals and the singly occupied a1 
orbital (φa5) on the carbon atom, |S25| = |S35| = 0.40. The next largest overlap is between 
the carbon orbitals involved in the FAC and CFB bonds and is |S23| = 0.27. Both of these 
overlaps are smaller in the CF2(X1A1) state, with |S25| and |S35| being smaller by almost a 
factor of two. 
 The important GVB orbital overlaps as a function of ΔR(FAC–FB) for the CF2[3Σ–] 
state are plotted in Figure 3.5. As can be seen, the “good” overlap for the FA–C bond, S12, 
remains high as ΔR decreases, while S34, which involves the orbitals in the new FAC–FB 
bond increases as R(FAC–FB) decreases. At the equilibrium geometry for the optimum 
collinear configuration, the two bond lengths are the same and the two overlaps are 
exactly equal [this will be the case for the CF2(a3B1) structure as well]. The “bad” 
overlaps, especially S23, the overlap between the two carbon bond orbitals, decrease as 
R(FAC–FB) decreases, which decreases the Pauli repulsion associated with these 
unfavorable overlaps. This decrease is a result of the polar nature of the CF bonds. 
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3.4. The SF2 Molecule 
 The GVB wavefunction for the 3B1 state of SF2 is similar to that for the CF2(a3B1) 
state, except for the additional 3s lone pair on the sulfur atom and the fact that the lone 
pair being recoupled is the sulfur 3p lone pair. The SF2(a3B1) state arises by singlet 
coupling the electron in the singly occupied σ orbital of the a4Σ– state of SF with the 
electron in the singly occupied 2p orbital of the second fluorine atom; see Figure 3.6. The 
SF2(X1A1) state is formed by singlet coupling the electron in the singly occupied 2p 
orbital of the second fluorine atom with the electron in the 3p-like π orbital of the 
SF(X2Π) state. The GVB wavefunctions for these states are easily constructed and will 
not be given here. For small values of the FAS–FB separation, R(FAS–FB), the only 
significant spin coupling coefficient is that for the perfect pairing spin coupling. For 
larger separations more spin functions are required to describe the spin coupling of the 
SF2(a3B1) state, but this is just the linear combination of spin functions required to 
describe the coupling of the electron spins in the SF(a4Σ–) + F(2P) limit, as was the case 
in CF2. 
3.4.1. Results of calculations on the SF2(X1A1) and SF2(a3B1) states 
 The results of the calculations on the X1A1 and a3B1 states of SF2 are summarized 
in Table 3.3. The bond lengths (Re) for these two states of SF2 from the GVB calculations 
are 1.587 Å (X1A1) and 1.655 Å (a3B1), which are in good agreement with the values 
obtained from the CCSD(T)/RCCSD(T) calculations, 1.592 Å  and 1.666 Å. The 
difference between the bond lengths in the two SF2 states, 0.068 Å (GVB) and 0.074 Å 
[CCSD(T)/RCCSD(T)], is much larger than it is in the two CF2 states, 0.022 Å (GVB) 
and 0.013 Å [CCSD(T)/RCCST(T)]. The calculated bond angle for the X1A1 state, 97.2˚ 
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(GVB) and 97.9˚ [CCSD(T)], are also in excellent agreement. The variation in the angle 
in the a3B1 state, on the other hand, is significantly larger: 154.5˚ (GVB) and 162.7˚ 
[RCCSD(T)]. However, unlike CF2, the potential energy surface for bending in the 
SF2(a3B1) state is quite flat near the linear geometry—the optimum bent geometry is just 
2.97 kcal/mol (GVB) and 0.39 kcal/mol [RCCSD(T)] lower in energy than the optimum 
linear geometry; so, this variation has only a minor energetic effect. Kirchhoff et al.33 and 
Endo et al.37 reported structural parameters for the SF2(X1A1) state of (R0, q0) = (1.59208 
± 0.00008 Å, 98.197˚ ± 0.011˚) and (1.58745 ± 0.00012 Å, 98.048˚ ± 0.013˚); our 
computed results are in very good agreement with these values. Our best calculation 
predicts an S–F bond energy of De = 91.04 kcal/mol for the SF2(X1A1) state. Kiang and 
Zare38 reported a value of D0 = 91.7 ± 4.3 kcal/mol, while Fisher et al.39 reported D0 = 
94.3 ± 4.6 kcal/mol. The corresponding experimental data is not available on the 
SF2(a3B1) state; however, we expect the errors in this RCCSD(T) calculations for this 
state to be similar to those for the CCSD(T) calculations on the ground state. 
 Unlike the CF2(a3B1) state, the FAS–FB bond is stronger in the a3B1 state than in 
the ground (X1A1) state: 81.45 vs. 66.99 kcal/mol (GVB) and 106.32 vs. 91.04 kcal/mol 
[CCSD(T)/RCCSD(T)], the difference in both cases being about 15 kcal/mol. The 
stronger bond in the excited state relative to SF(a4Σ–) + F(2P) can be attributed to a 
substantial decrease in the overlap between the singly occupied FA–S orbital used to form 
the bond and the FA–SFB bond orbitals in the GVB wavefunction; see the discussion 
below. 
 The decrease in “bad” overlap of the FAS bonding orbitals with the unpaired 
orbital upon formation of the FAS–FB bond also impacts the equilibrium bond lengths in 
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the SF2(a3B1) state. GVB calculations predict that the bond length in the linear SF2[3Σ–] 
state is 0.192 Å shorter than in the SF(a4Σ–) state; see Table 3.4. The bond length 
decreases by a comparable amount in the RCCSD(T) calculations, 0.213 Å. Note that the 
bond length of the SF2(a3B1) state varies little with angle: it is 0.012 Å (GVB) and 
0.003 Å [RCCSD(T)] shorter in the optimum bent configuration than in the linear 
configuration. As noted in our ealier paper on the SFn molecules,2 the slightly bent 
structure of the SF2(a3B1) state is a result of repulsive interactions between the electrons 
in the SF bonds and fluorine lone pairs and the electron in the singly and doubly occupied 
in-plane a1 orbitals. The SF bond is bent away from the doubly occupied lone pair orbital 
on the sulfur atom, toward the singly occupied orbital. However, because the sulfur 
bonding orbitals are derived from 3p lobe orbitals, the bonds remain nearly collinear. 
 The results from the GVB calculations are again significantly better than those 
from the HF calculations, e.g., bond energies improve by 14–18 kcal/mol. In SF2, the 
CASSCF calculations only improve the predicted bond energy for the X1A1 state by an 
additional 1.25 kcal/mol, while the calculated bond energy in the a3B1 state actually 
decreases by 5.14 kcal/mol. 
3.4.2. Analysis of the GVB wavefunctions of the SF2(a3B1) state   
 In this section we analyze the orbitals, spin function weights, and orbital overlaps 
for the GVB wavefunctions for the X1A1 and a3B1 states as well as the 3Σ– configuration 
of the a3B1 state of SF2. 
 The active GVB orbitals for the X1A1 and a3B1 states of SF2 at their respective 
equilibrium geometries are plotted in Figure 3.7, along with the orbitals at the optimum 
linear [3Σ–] configuration. The changes in the active GVB orbitals in the linear [3Σ–] 
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configuration as a function of ΔR(FAS–FB) = R(FAS–FB) – Re(FAS–FB), Re = 1.667 Å, are 
plotted in Figure 3.8. From ΔR = 1.9 Å to ΔR = 0.0 Å, the orbitals change as expected for 
formation of a polar covalent bond—the orbital on the incoming fluorine atom (φa4) 
changes very little, while that on the less electronegative sulfur atom (φa3) polarizes 
toward and delocalizes onto the incoming fluorine atom, again strengthening the bond 
and building ionic character (Sδ+Fδ–) into the wavefunction. In fact, at Re the orbitals 
suggest a very ionic bond, with φa3 resembling the diffuse 2p orbital associated with the 
F– anion (see Figure 2.12). The π orbitals, φa5 and φa6 (not plotted) build in a small 
amount of antibonding character as ΔR(FAS–FB) decreases. 
 The variations of the weights of the three dominant spin functions for the SF2[3Σ–] 
configuration are plotted in Figure 3.9. As can be seen, the spin function weights 
approach their equilibrium (ΔR = 0.0) values more rapidly with decreasing ΔR for the 
SF2[3Σ–] configuration than the CF2[3Σ–] configuration. Further, at the optimum geometry 
for the SF2[3Σ–] configuration, w9 = 0.993, which can be compared to just 0.892 for the 
CF2[3Σ–] configuration. The weight of the PP spin function increases slightly as the SF2 
molecule relaxes to its equilibrium (non-linear) geometry. At that point, w9 = 0.997. By 
comparison, for the SF2(X1A1) state at its equilibrium geometry, the weight of the PP spin 
function is 0.9997. Thus, at their equilibrium geometries both the SF2(X1A1) and 
SF2(a3B1) states are also very well described by the perfect pairing spin coupling and 
both have two polar covalent bonds. 
 The overlaps of the orbitals in the singlet-coupled bond pairs, (S12, S34), in the 
SF2(X1A1) and SF2(a3B1) states are quite similar, 0.79 and 0.80, respectively, while the 
overlap of the bond orbitals in the linear configuration, SF2[3Σ–], is slightly more, 0.82 
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(thus showing that the magnitude of the bond overlap does not always indicate relative 
bond strengths, although these differences are small). The lone pair orbitals on the sulfur 
atom in the X1A1 state that are derived from the sulfur (3p–, 3p+) lobe orbitals, namely 
(φa5, φa6), have an overlap of 0.79. This overlap has been reduced from that in the sulfur 
atom, 0.86. However, all three of these overlaps, which are between the GVB orbitals in 
singlet-coupled pairs, are “good.”  
 As noted earlier, overlaps between the orbitals in different singlet-coupled bond 
pairs are “bad”—their magnitudes are a measure of the Pauli repulsion between the 
pairs.1 In SF2, the overlaps S13, S14, S23, S35 and S45 are all “bad” overlaps. As before, the 
largest “bad” overlaps tend to be between the orbitals on a given atom that are 
participating in different bonds or lone pairs. For example, in the SF2(a3B1) state, the 
largest overlap is between the sulfur bond orbitals (φa2, φa3) and the singly occupied a1 
(φa5) orbital on the sulfur atom, |S25| = |S35| = 0.29. The next largest overlap is between 
the sulfur bonding orbitals themselves, but it is just |S23| = 0.10. In the SF(a4Σ–) state the 
magnitude of the overlap between the corresponding two sulfur orbitals is 0.60. This 
decrease is a reflection of the very polar nature of the bonds in the SF2 molecule in its 
a3B1 state and is responsible for the increased strength of the FAS–FB bond. 
 The important GVB orbital overlaps as a function of ΔR(FAS–FB) for the linear 
SF2[3Σ–] configuration are plotted in Fig. 10. As can be seen, the magnitude of the “good” 
overlap for the FA–S bond, S12, remains high as ΔR(FAS–FB) decreases, while S34, which 
involves the orbitals in the new FAS–FB covalent bond increases as ΔR(FAS–FB) 
decreases. At the equilibrium geometry, as well as for the optimum collinear 
configuration, the two bond lengths are the same and the two overlaps are exactly equal. 
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The magnitude of the “bad” overlaps generally decrease as ΔR(FAS–FB) decreases. In 
fact, this decrease is quite marked for the unpaired singly occupied orbital on the sulfur 
atom left over from formation of the recoupled pair bond and the orbitals involved in the 
FA-S bond. These overlaps correspond to S13 and S23 in Figure 3.10. In particular the 
decrease in the magnitude of S23 is dramatic. At ΔR(FAS–FB) = 1.9 Å, |S23| = 0.55, which 
represents strong Pauli repulsion between the electron in the sulfur-centered (FAS) 
bonding orbital and the electron in the unpaired, singly orbital on sulfur. As ΔR(FAS–FB) 
decreases, the magnitude of this overlap decreases, dropping to 0.30 at ΔR(FAS–FB) = 0.0 
Å (as noted above, this drops further to just 0.10 at the optimum geometry). This is a 
direct result of the increasing localization of this orbital on the incoming fluorine atom 
(FB) as ΔR(FAS–FB) decreases. Thus, the unusual strength of the FAS–FB bond can be 
attributed to the fact that the second, very polar SF bond substantially reduces the Pauli 
repulsions associated with the electron in the orbital left over from forming the recoupled 
pair bond in the SF(a4Σ–) state.  
3.5. Conclusions 
 We find that the recoupled pair bond dyads in CF2(a3B1), as a representative of 
the bonding in early p-block elements, and SF2(a3B1), as a representative of the bonding 
in late p-block elements, are very different. This is due to the fact that the recoupled pair 
bond dyad in CF2(a3B1) arises from recoupling the 2s lone pair, whereas in SF2(a3B1) it 
results from recoupling the 3p lone pair. As a consequence: 
• The CF2(a3B1) state is strongly bent with an optimum geometry of 119.0˚ and a 
barrier to linearity of 80.46 kcal/mol. At the bent geometry, the bonds in 
CF2(a3B1) cannot be considered a pure recoupled pair bond dyad, because the 
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bonding is enhanced by an increase in the 2p character in the carbon bonding 
orbital, an admixture facilitated by the near degeneracy of the 2s and 2p orbitals 
in carbon. 
• The SF2(a3B1) state is nearly linear, qe = 162.7˚, although the potential energy 
surface is very flat—the barrier to linearity is just 0.39 kcal/mol [RCCSD(T)]. 
The bond pair in the SF2(a3B1) state is clearly a recoupled pair bond dyad and 
dyads derived from p lone pairs tend to favor nearly linear configurations.2,3,5,6  
In line with previous studies,Error! Bookmark not defined. we find that the second bond in 
SF2(a3B1)—the polar covalent bond—is very strong, 106.32 kcal/mol, over 15 kcal/mol 
stronger than the second bond in the ground state of SF2. This increase in bond strength 
results from the decrease in the overlap between the unpaired, singly occupied σ orbital 
of SF and the SF bond pair in the FAS fragment as the FAS–FB distance decreases. 
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3.6 Figures 
 
 
Figure 3.1. Orbital diagrams for formation of (a) CF2(X1A1) from F(2P) + CF(X2Π) and 
(b) CF2(a3B1) from F(2P) + CF(a4Σ–). Note the diagram used in the bottom figure to 
represent the carbon (2s–, 2s+) lobe orbitals. 
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Figure 3.2. The GVB orbitals at the equilibrium geometries of the CF2(X1A1) and 
CF2(a3B1) states as well as the CF2[3Σ-] linear configuration of the CF2(a3B1) state. The 
overlap values between the orbitals are listed above the orbitals. 
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Figure 3.3. The GVB valence orbitals of the linear CF2[3Σ-] configuration of the 
CF2(a3B1) state at selected ΔR(FAC–FB)= R – Re, Re = 1.333 Å. Orbitals (φa3, φa4) 
describe the newly forming CF bond. 
 
 
Figure 3.4. Weights of the important spin coupling functions for the CF2[3Σ-] 
configuration of the CF2(a3B1) state as a function of ΔR(FAC–FB)= R – Re, Re = 1.333 Å. 
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Figure 3.5. Important GVB orbital overlaps for the CF2[3Σ-] configuration of the 
CF2(a3B1) state as a function of ΔR(FAC–FB)= R – Re, Re = 1.333 Å. Sij refers to the 
overlap between orbitals φai and φaj. 
 
 
 
 
 
Figure 3.6. Orbital diagrams for formation of (a) SF2(1A1) from F(2P) + SF(X2Π) and (b) 
SF2(a3B1) from F(2P) + SF(a4Σ–). Note the diagram used in the bottom figure to represent 
the sulfur (3pz–, 3pz+) lobe orbitals. 
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Figure 3.7. The GVB orbitals for the SF2(X1A1), SF2(a3B1) and SF2[3Σ-] states, the first 
two at their equilibrium geometries. The values of the overlaps between the orbitals are 
listed above the orbitals. 
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Figure 3.8. The GVB valence orbitals of the linear SF2[3Σ-] configuration of the 
SF2(a3B1) state at selected ΔR(FAS–FB) = R(FAS–FB) – Re(FAS–FB) distances, Re(FAS–FB) 
= 1.667 Å. 
 
 
 
 
Figure 3.9. Weights of the important spin coupling functions for the SF2[3Σ-] 
configuration of the SF2(a3B1) state as a function of ΔR(FAS–FB) = R(FAS–FB) – Re(FAS–
FB), Re(FAS–FB) = 1.667 Å.  
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Figure 3.10. Important GVB orbital overlaps for the SF2[3Σ-] configuration of the 
SF2(a3B1) state as a function of ΔR(FAS–FB)= R(FAS–FB) – Re(FAS–FB), Re(FAS–FB) = 
1.667 Å.  
 
 
 
Figure 3.11. The GVB(SO) bonding orbitals in the 3Σ- linear configuration of the 
SF2(a3B1) state at selected ΔR(FAS–FB) distances. Re = 1.667 Å. 
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3.7 Tables 
 
Table 3.1.  Calculated and experimental values for (Re, Θe) and De(FS–F), along with 
their differences (ΔRe, ΔDe), for the ground (X1A1) and lowest-lying excited state (a3B1) 
states of CF2. Distances in Å, angles in degrees, and energies in kcal/mol. The GVB 
calculations involve six electrons in six active orbitals (see the text); the CASSCF and 
MRCI calculations are based on this same orbital set. 
 
 CF2(X1A1)  CF2(a3B1)  (a3B1) – (X1A1) 
 Re  θe Dea  Re  θe Deb  ΔEb   ΔRe ΔDe 
HF 1.271 105.3 85.48  1.293 117.9 100.59 99.67  0.022 15.11 
GVB 1.294 105.0 100.15  1.316 117.7 113.71 83.08  0.022 13.56 
CASSCF 1.297 104.8 105.06  1.316 119.0 129.21 80.71  0.019 24.15 
MRCI 1.300 104.8 123.52  1.313 119.2 148.10 79.06  0.013 24.58 
RCCSD(T) 1.301 104.8 125.18  1.314 119.0 149.47 80.46  0.013 24.29 
Expt’lc 1.2975 104.81          
a Relative to F(2P) + CF(X2Π) 
b Relative to F(2P) + CF(a4Σ–) 
c L. Margules, J. Demaison, and J. E. Boggs, J. Phys. Chem. A 103, 7632 (1999). 
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Table 3.2.  Calculated values for Re and De for the CF(a4Σ–) state and the linear CF2[3Σ–] 
configuration. Distances in Å and energies in kcal/mol. 
 
 CF(a4Σ–)  FC–F[3Σ–]  [3Σ–]– (a4Σ–) 
 Re  Dea  Re  Deb  ΔRe ΔDe 
HF 1.318 33.90  1.306 0.91  -0.012 -32.99 
GVB 1.335 37.28  1.366 30.63  0.031 -6.65 
CASSCF 1.328 44.04  1.351 48.50  0.023 4.46 
MRCI 1.326 48.73  1.333 69.04  0.007 20.31 
RCCSD(T) 1.327 49.73  1.331 69.01  0.004 19.28 
a Relative to F(2P) + C(3P) 
b Relative to F(2P) + CF(a4Σ–) 
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Table 3.3.  Calculated and experimental values for (Re, Θe) and De(FAS–FB) for the 
ground state (X1A1) and the lowest-lying excited state (a3B1) of SF2. Also included in the 
table are the differences in Re and De between the X1A1 and a3B1 states (ΔRe, ΔDe). 
Distances in Å, angles in degrees, and energies in kcal/mol. See the caption to Table 3.1; 
the GVB and CASSCF active spaces include a 3d orbital (see Chapter 2). 
 
 SF2(X1A1)  SF2(a3B1)  (a3B1) – (X1A1) 
 Re  θe Dea  Re  θe Deb  ΔEb   ΔRe ΔDe 
HF 1.555 97.4 52.31  1.629 155.8 63.33 4.65  0.074 11.02 
GVB 1.587 97.2 66.99  1.655 154.5 81.45 5.72  0.068 14.46 
CASSCF 1.592 97.7 68.24  1656 154.5 76.31 5.79  0.066 8.07 
MRCI+Q 1.590 98.0 85.87  1.651 157.5 99.85 1.41  0.052 12.98 
RCCSD(T) 1.592 97.9 91.04  1.666 162.7 106.32 0.39  0.074 15.28 
Expt’l            
a Relative to F(2P) + SF(X2Π) 
b Relative to F(2P) + SF(a4Σ–) 
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Table 3.4.  Calculated values for Re and De for the SF(a4S–) state and the linear SF2[3S–] 
state. Distances in Å and energies in kcal/mol. See the caption to Table 3.3. 
 
 SF(a4Σ–)  FS–F[3Σ–]  [3Σ–] – (a4Σ–) 
 Re  Dea  Re  Deb  ΔRe ΔDe 
HF 1.875 -2.83  1.642 58.68  -0.233 61.51 
GVB 1.859 1.70  1.667 75.74  -0.192 74.04 
CASSCF 1.909 10.38  1.668 70.52  -0.241 60.14 
MRCI 1.8861 30.94  1.656 98.45  -0.230 67.51 
RCCSD(T) 1.882 36.23  1.669 105.93  -0.213 69.70 
a Relative to F(2P) + S(3P) 
b Relative to F(2P) + SF(a4Σ–) 
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Chapter 4 
 
Fundamental Aspects of Recoupled Pair Bonds. Frustrated 
Recoupled Pair Bonds 
 
4.1 Introduction 
 There are few concepts in chemistry that are as fundamental as the chemical bond.  
Yet chemist are still in pursuit of models of bonding capable of predicting and 
rationalizing the molecular properties of ‘traditionally’ bonded molecules while 
seamlessly explaining the bonding in less conventional molecular species, e.g., 
hypervalent species and molecular excited states. Generalized valence bond theory 
provides a framework that encompasses all of these types of chemical bonds. GVB theory 
can describe both the traditional two-center, two-electron bonds of classical chemical 
theory1,2 as well as the two center–three electron (2c-3e) and three center–four electron 
(3c-4e) bonds which are responsible for the stability of hypervalent radicals and 
molecules.3-8 In addition, GVB theory has recently been used to describe the nature of the 
dative bond in Cl2SO.9 
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 In bound species, 2c-3e and 3c-4e bonds are referred to as recoupled pair 
bonds4,10 and recoupled pair bond dyads,4,11 respectively. Recoupled pair bonds occur 
when the electron in a singly occupied orbital of an incoming ligand recouples the 
electrons in a lone pair on the central atom, forming a bond with the electron in one of the 
lone pair orbitals. Recoupled pair bond dyads are formed when another ligand forms a 
bond with an electron in the singly occupied orbital left over from the formation of the 
recoupled pair bond. The presence of these two new types of bonds explains many of the 
anomalies observed in the chemistry of the second and third row elements—unusual 
molecular structures, oscillating bond energies, and new low-lying excited states as well 
as opening new reaction pathways for second row compounds—all within an elegant, 
simple and intuitive framework, see Ref. 3 and references therein. 
 In the first two chapters in this work, we used GVB calculations to describe the 
fundamental aspects of recoupled pair bonds in the a4Σ– states of carbon and sulfur 
monofluoride and the recoupled pair bond dyads in the a3B1 states of carbon and sulfur 
difluoride. In these molecular states the recoupled pair bonds are reasonably strong (35-
50 kcal/mol) and the dyads are even stronger (150-200 kcal/mol). On the other hand, 
Woon and Dunning6 showed that the OF(a4Σ–) state is only weakly bound, De ≈ 11 
kcal/mol. In this chapter, we use full GVB theory as well as more accurate electronic 
structure methods to investigate the nature of the bonding in both the a4Σ– state of OF as 
well as the a3B1 state of OF2. 
 The remainder of this chapter is organized as follows. Section 4.2 discusses the 
theoretical and computational details, including a description of the generalized valence 
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bond wavefunction. Sections 4.3 analyze in detail the GVB wavefunction of the OF(a4Σ–) 
state and in Section 4.4, we conclude. 
4.2 Theoretical and Computational Considerations 
 Traditionally the Hartree-Fock (HF) energy is used as the reference energy when 
discussing the contribution of electron correlation to the total energy of a molecular 
system. However, the HF wavefunction is not capable of describing the dissociation of 
the 2Π state of OF and, even though, it is formally capable of describing the dissociation 
of the a4Σ– state of OF, as the HF potential energy curve for the CF(a4Σ–) state in Figure 
2.1 shows, the HF wave function has great difficulty in describing the recoupling of the 
orbitals in this state. The inability of the HF wave function to properly describe this 
process makes it unsuitable as a means of studying the bonding in the molecular states of 
interest here. The generalized valence bond wave function, on the other hand, has no such 
difficulty. Further details about the GVB wavefunction, which is the same as the spin-
coupled valence bond wavefunction12,13 can be found in Chapter 2 and in Ref. 10.  
 As we will see, the perfect pairing (PP) spin-coupling coefficient cS,M;PP, where PP 
= , is dominant for all R in the OF(a4Σ–) state. The perfect pairing (PP) spin function 
singlet couples the electrons in successive orbitals, e.g., (φ1, φ2), (φ3, φ4), and so on. 
Orbital diagrams representing the PP bonding configuration for the OF(a4Σ–) state is 
shown in Figure 4.1. The orbital diagrams for OF(a4Σ–) will be discussed in detail in the 
following section. 
 All calculations were performed with the MOLPRO suite of quantum chemical 
programs.14 The standard augmented correlation consistent basis sets15-18 of quadruple 
zeta quality (aug-cc-pVQZ) were used for the oxygen and fluorine atoms while the 
fS ,MNa
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corresponding d-function augmented19 sets [aug-cc-pV(Q+d)Z] were used for sulfur. The 
GVB calculations were performed with the fully variational CASVB program20-22 in 
MOLPRO with the Kotani spin basis23. All GVB calculations contained frozen core 
orbitals obtained from a full valence CASSCF calculation. Potential energy curves were 
calculated with the CASVB and internally contracted single and double excitation 
multireference configuration interaction (MRCI) method24,25 including the Davidson 
correction26,27 for higher excitations (MRCI+Q). Equilibrium geometries and dissociation 
energies were obtained by MRCI+Q and coupled cluster calculations with all singles and 
doubles and perturbative triples: CCSD(T) and RCCSD(T).28-30 31 
4.3. Ground and First Excited States of OF 
 The 2c-3e interactions responsible for recoupled pair bonds can be described by 
GVB theory. However, the accuracy of the GVB description is strongly influenced by the 
nature of the lone pair orbital involved in the recoupling. As shown in Chapter 2, it is far 
easier to recouple the electrons in a 2s lone pair than in a 3p lone pair, a fact that is 
foreshowed by the much higher overlap of the GVB orbitals describing the 3p lone pair 
than the 2s lone pair. As a result, the bound recoupled pair bond state arising from 
recoupling the 2s lone pair is much better described by a GVB wavefunction than that 
arising from recoupling the 3p lone pair. 
 In the OF(a4Σ–) state, the 2c-3e interaction involves a doubly occupied 2p lone 
pair. In the O atom the dominant correlation effect for the 2p lone pair is radial 
correlation; we find that a two-configuration wavefunction involving a 3pz orbital lowers 
the energy of the 2pz2 lone pair by 7.0 kcal/mol, whereas the wavefunction with a  
3d z2  
orbital lowers the energy by just 2.2 kcal/mol. This is in contrast to the same calculations 
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on the  3pz
2 lone pair in the S atom, where the corresponding energy lowerings are 2.7 (
 4pz ) and 4.9 4.9 kcal/mol ( 3d z2 ).
10 The overlap of the two oxygen lone pair lobe orbitals 
(ϕa1 ,ϕa2 ) is 0.87, which is nearly the same as in the sulfur atom lone pair, despite the 
difference in the type of correlation. 
 The different nature of the 2p lobe orbitals is reflected in the OF perfect pairing 
orbital diagram shown in Figure 4.1 where the tighter oxygen φa1 orbital is enveloped by 
the more diffuse φa2 orbital. The net result of the difference in the nature of the lobe 
orbitals is that the potential energy curves and bond energies are very different for OF 
and SF as illustrated in Figure 4.2, which plots the potential energy curves from both the 
GVB and MRCI+Q calculations on the a4Σ– states of these two species. The GVB 
potential energy curve for the SF(a4Σ–) state has a hump at large R and then a minimum 
very near the minimum in the MRCI+Q curve, representing a (very weakly) bound SF 
molecule. For OF, on the other hand, the potential energy curve is purely repulsive. The 
results of the GVB, MRCI+Q and RCCSD(T) calculations on the X2Π and a4Σ– states of 
OF are summarized in Table 4.1. 
 The GVB orbitals in Figure 4.3 at ΔR = 1.4 Å clearly show the radial correlation 
of the two lobe orbitals, φa1 and φa2, which make up the oxygen 2pz lone pair. The 
orbitals remain largely unperturbed until ΔR ≈ 0.4 Å where φa2, the more diffuse lone pair 
orbital, begins to delocalize onto the incoming F atom in a bonding fashion. Orbital φa2 
delocalizes more and more onto the F atom as ΔR continues to decrease, but has its 
largest concentration on the O atom even at Re. On the other hand orbitals φa1 and φa3, the 
2pz orbital on the F atom, remain largely unchanged until very near Re. It is not until ΔR < 
0.1 Å that φa1 begins to delocalize onto the F atom and φa3 delocalizes onto the O atom, 
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acquiring antibonding character. From the orbitals in Figure 4.3 it is obvious that at Re the 
recoupling is still very incomplete and, unlike SF, orbital φa3 is still mainly localized on 
the F atom although with a significant amount of antibonding character. 
 The spin coupling weights for the OF(a4Σ–) state as a function of ΔR are plotted in 
Figure 4.4, along with the corresponding weights for the SF(a4Σ–) state. A vertical dashed 
line denotes the equilibrium distance for both molecules. For both molecules cPP remains 
dominant for all values of R. The SF(a4Σ–) recoupling region, defined in Chapter 2, 
begins at ∆R = 0.75 Å and is not quite complete by Re, where w3 is still 14% of its 
maximum value10 In comparison the OF(a4Σ–) recoupling region begins at ∆R = 0.26 Å 
and does not reach its maximum value until R < Re. These curves clearly show that, as 
ΔR decreases, recoupling begins much closer to Re in OF than in SF and, in line with the 
orbitals at ΔR = 0.0 in Figure 4.3, is woefully incomplete at the equilibrium distance. 
Because of the incompleteness of the recoupling, the binding in the OF(a4Σ–) state is 
expected to be much weaker than in the SF(a4Σ–) state as indeed it is: 11.22 kcal/mol 
versus 32.99 kcal/mol (MRCI+Q). 
 In Figure 4.5, we plot the overlaps between the three orbitals involved in the 
formation of the frustrated recoupled pair bond. The overlap between φa1 and φa2, S12, 
remains high, above 0.8, throughout the bond formation process reaching an overlap of 
0.92 at Re, 0.05 greater than the overlap of these orbitals in the isolated oxygen atom. The 
dominance of S12 is also observed in CF(a4Σ–) and SF(a4Σ–) and are shown in Chapter 2, 
Figures 2.7 and 2.13. The qualitative behavior of S13 and S23 are also very similar, with 
these values increasing as the molecule enters the recoupling region and decreasing near 
the peak in w3. Again, these curves are shifted closer to Re an indication that the 
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recoupling process is incomplete at the equilibrium bond distance. Further evidence for 
the incompleteness of the recoupling process is the fact that S13 and S23 do not change 
sign throughout the recoupling region. In CF(a4Σ–) and SF(a4Σ–) the change in sign of 
these overlaps is the result of ϕa2  and ϕa3  exchanging character, i.e. recoupling the lone 
pair to form a bond pair. 
 As noted above, the GVB potential energy curve for the OF(a4Σ–) state is purely 
repulsive (Figure 4.2), although it is bound at the MRCI+Q and RCCSD(T) levels of 
theory. At the MRCI+Q optimized bond length for the state the addition of dynamical 
correlation lowers the total energy by 56.24 kcal/mol with respect to the GVB energy, 
yielding a De of 11.22 kcal/mol at the MRCI+Q level. The RCCSD(T) calculations 
predict that the binding is just 8.53 kcal/mol, which may be a reflection of the 
multiconfiguration nature of the wavefunction at Re caused by the incomplete recoupling. 
We refer to the 2c-3e interaction in OF as a frustrated recoupled pair bond. The 
incomplete recoupling in OF makes these 2c-3e bonds very weak, much less stable than 
the recoupled pair bond in the SF(a4S–) state, ~35 kcal/mol.  
4.4 Conclusions  
 In this chapter it was shown that oxygen atom and fluorine atom form a frustrated 
recoupled pair bond, which is much weaker than a fully recoupled pair bond. Although 
dynamical correlation has a pronounced effect on recoupled pair bonds formed by 
recoupling both 3p and 2p lone pairs, the effect is dramatic in the OF(a4Σ–) state, which is 
not bound unless dynamical correlation is explicitly included in calculations. Plots of the 
OF orbitals as well as the spin coupling weights show that the electrons in the three σ 
orbitals are in the process of recoupling, but the recoupling is woefully incomplete at the 
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equilibrium distance obtained from the MRCI+Q calculations, giving rise to the 
observed, weak interaction, De = 11.22 kcal/mol. 
 Prior studies have shown that recoupled pair bonds and recoupled pair bond dyads 
are ubiquitous in a wide variety of seemingly unrelated chemical species. The recoupled 
pair bond model described here provides unique insights into the nature of these bonds 
with a growing measure of predictive capability. 
4.5 Figures 
 
Figure 4.1. Orbital diagram displaying the perfect pairing coupling pattern for the 
OF(a4Σ–) state at R = ∞.  
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Figure. 4.2. Potential Energy curves for (a) the SF(a4Σ–) state and (b) the OF(a4Σ–) state 
from GVB (dashed black curve) and MRCI+Q (solid red curve) calculations. The energy 
is in kcal/mol and is plotted with respect to the dissociation energy at the given level of 
theory. Basis set: AVQZ 
 
 
Figure 4.3. The GVB valence orbitals of the OF(a4Σ–) state as a function of ΔR = R – Re, 
Re =1.761Å (MRCI+Q optimized bond length). Basis set: AVQZ. 
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Figure 4.4. Spin-coupling weights w3 and wPP from GVB calculations on the a4Σ– states 
of OF (solid lines) and SF (dashed lines). The dashed vertical line indicates R = Re.   
 
 
Figure 4.5. GVB orbital overlaps from GVB calculations on the a4Σ– state of OF. The 
dashed vertical line indicates R = Re  
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4.6 Tables 
 
Table 4.1. Calculated bond distances (Re) and bond energies (De) for the ground states of 
the OF(X2Π) and OF(a4Σ- ) states. Basis set: AVQZ. 
 ! ! ! Re! ! De!OF(a4Σ/)! MRCI+Q! ! 1.761! ! 11.22!! RCCSD(T)! ! 1.742! ! 8.53!OF(X2Π)! GVB! ! 1.410! ! 18.85!! MRCI+Q! ! 1.358! ! 50.58!! RCCSD(T)! ! 1.353! ! 50.85!ΔE(a4Σ––X2Π)! MRCI+Q! ! 0.403! ! /39.36!! RCCSD(T)! ! 0.389! ! /42.32!
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Chapter 5  
 
Generalized Valence Bond Description of Chalcogen-
Nitrogen Compounds. NS, F(NS) and H(NS)† 
 
5.1. Introduction 
 The chemistry of the elements of the first row in the Periodic Table is often 
confusingly different from the elements of the same group in subsequent rows—the so-
called first row anomaly.1 The triatomic molecules F(NO) and F(NS), where X(NY) 
collectively refers to the XNY and NYX isomers, provide a striking example of this 
difference. For F(NO), the FNO isomer is stable and well characterized,2-4 while reported 
observations of the NOF isomer2,3,5 have been disputed.4 For the F(NS) isomers, on the 
other hand, confusion abounded in the early studies of this species because electron 
diffraction6 and infrared7 studies assumed that the FNS isomer was being observed. A 
few years thereafter, it was definitively shown that the molecule claimed to be FNS was, 
in fact, NSF.8-10 But why is NSF the most stable F(NS) isomer and FNO the most stable 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
† Reproduced with permission from the Journal of Physical Chemistry 
Takeshita, T. Y.; Dunning, T. H., Jr. Generalized Valence Bond Description of Chalcogen-Nitrogen 
Compounds. I. NS, F(NS) and H(NS). J. Phys. Chem. A 2015, 119, 1446-1455!
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F(NO) isomer. Further, what is the nature of the bonding in NSF, which is crucial to 
understanding the reactions of this molecule.11 
 Theoretical studies12-16 support the above findings: NOF is predicted to be less 
stable than FNO by 37.6 kcal/mol, with the NO–F bond length (1.802 Å) being much 
longer than the bond length in OF (1.353 Å). In the sulfur analogs of these two species, 
the ordering is reversed with NSF being more stable than FNS by 39.4 kcal/mol (see 
Table 5.3) with an NS–F bond that is similar in length and strength to SF bonds.8,9,14,15 A 
systematic study by Burtzoff and coworkers14 of nitrosyl and thiazyl halides applied 
frontier molecular orbital (FMO) theory to the halogenated species and found that, in 
general, the most stable structural isomer has the least electronegative atom in the center. 
However, this finding does not hold for the hydrides, i.e., H(NO) and H(NS).  Further 
investigations by Zhang and coworkers17,18 and a later study by Denis et al.15 led these 
authors to suggest that a relationship exists between the stability of the isomers and the 
electronegativity of the substituent. 
 In this chapter we report generalized valence bond (GVB) calculations on NS and 
the F(NS) and H(NS) isomers and present an alternative explanation of the structures and 
energetics of the H(NS) and F(NS) species. The X(NO) species, with X = H, F, as well as 
NOOH and NSOH will be analyzed in subsequent chapters. The studies of NS and the 
F(NS) and H(NS) isomers continue the work presented in earlier chapters that is focused 
on constructing a comprehensive model of the electronic structure of molecules based on 
GVB theory.  
 The remainder of this Chapter is organized as follows: in Section 5.2 the 
computational methodology used in our studies is discussed and the GVB formalism 
! 107!
introduced; the 2c-3e bond in the π system of NS is discussed in Section 5.3; Section 5.4 
ties the results in Section 5.3 to the molecular characteristics of the triatomic species, 
F(NS) and H(NS); and, finally, we conclude and consider the larger impact of the results. 
5.2 Computational Details.   
 All calculations were performed with the Molpro suite of quantum chemical 
programs.19 Augmented correlation consistent basis sets of quadruple zeta quality (aug-
cc-pVQZ) were used for the hydrogen, nitrogen, and fluorine atoms, and an augmented 
quadruple zeta set with an extra tight d function, aug-cc-pV(Q+d)Z, was used for the 
sulfur atom.20-22 The shorthand notation, AVQZ, will be used to represent this 
combination of basis sets. All structures and energies were computed with single-
reference restricted singles and doubles coupled cluster theory23-26 with perturbative 
triples, RCCSD(T), and the AVQZ basis sets to ensure accurate determinations of these 
quantities. GVB calculations with the AVQZ basis set were then performed at the 
geometries from the RCCSD(T)/AVQZ calculations with Molpro’s fully variational 
CASVB program27-29 in conjunction with the Kotani spin basis.30  
5.3. Ground State (X2Π) of the NS Radical 
 The Hartree-Fock orbital diagrams for the N and S atoms are shown in Figure 5.1. 
These diagrams are interpreted as follows: (i) lobes represent two of the three valence p 
orbitals,  (ii) the central circle represents the third out-of-plane p orbital and (iii) the dots 
denote the orbital occupation. For simplicity, neither atom’s doubly occupied valence s 
orbitals are shown in the diagrams; these orbitals remain doubly occupied in the GVB 
wave function for all molecules and their exclusion does not affect our interpretation of 
the GVB calculations (they are, of course, included in the calculations). In contrast to the 
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HF wave function, all of the p orbitals are singly occupied in the GVB wave function. 
Therefore, the 3p lone pair of the sulfur atom is represented by two singly occupied, non-
orthogonal GVB lobe orbitals, (φ6, φ7), in Figure 5.1, in which the electrons are singlet 
coupled. To indicate this, the sulfur atom’s GVB diagram contains a lobe that has been 
divided by a dashed line with a single dot in each half. The representation of orbitals that 
are singly occupied in the HF wave function remains the same; thus, the HF and GVB 
orbital diagrams of the nitrogen atom are equivalent.  
 The GVB active orbitals associated with the orbital diagrams in Figure 5.1 are 
shown in the top row of Figure 5.2, which represents the orbitals of NS at a large distance 
(ΔR = R – Re = 0.9 Å; Re = 1.497 Å). For clarity and simplicity, the orbital labels in 
Figure 5.2 are the same as those in Figure 5.1 and we have dropped the active orbital 
designation (a) as only active orbitals have been plotted. At long separation orbitals φ1 
through φ5 are the familiar atomic 2p/3p orbitals of nitrogen and sulfur, while orbitals φ6 
and φ7 resemble 3p orbitals that have been polarized toward the ‘left’ and ‘right’ sides of 
the sulfur atom. These orbitals represent the sulfur lone pair and have a high overlap, S67 
= 0.88 (although not as high as in the HF wave function where S67 ≡ 1). The observed 
left-right spatial separation of the orbitals representing the sulfur atom’s lone pair is a 
qualitative portrayal of the non-dynamical correlation introduced by the GVB wave 
function and results in a 2.10 kcal/mol lowering in the total energy with respect to the HF 
wave function using the AVQZ basis set. Although the energy lowering is not large, as 
we shall see below, the fact that the orbitals are singly occupied, are angularly (left-right) 
polarized, and can respond differently to molecular formation provides additional 
bonding opportunities for the sulfur atom as the NS molecule is formed.
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 As the internuclear distance between the two atoms decreases, the orbitals evolve 
smoothly with orbitals φ1 through φ6 delocalizing into the bonding regions between the 
two atoms, although, even at Re, their atomic parentage remains clear. At Re, the PP spin 
function has a coefficient, cPP = 0.89 (wPP = 0.79). The PP spin coupling pattern is shown 
in the orbital diagram in Figure 5.3, where lines connecting the lobes indicates singlet 
coupling of the electrons in the orbitals. This diagram indicates that NS has a σ bond and 
two π bonds. For N2, which has well defined σ and π bonds, wPP = 0.92. The lower value 
of wPP for NS indicates that other spin couplings are important and that the molecule is 
not completely described as having the three bonds indicated in Figure 5.3. Thus, GVB 
calculations enable deviations from classical chemically bonded structures to be 
quantified, e.g., the difference between the GVB and GVB(PP) energies provide a 
measure of the error introduced by assuming that NS has three bonds as depicted in 
Figure 5.3. In NS that error is just 3.78 kcal/mol or 3.4% of the RCCSD(T) De. Thus, 
even though the weight of the PP structure is just 0.79, the associated error is modest. 
 The changes in the GVB orbitals seen in Figure 5.2 are accompanied by variations 
in the orbital overlaps, which are plotted as a function of ∆R in Figure 5.4. (The only 
constraint imposed on the wave function is that the σ and π orbitals remain orthogonal to 
each other.) Due to their orientation it is expected that interactions between the σ orbitals, 
(φ1, φ2) will be observed at larger values of R than those between the π orbitals, (φ3, φ4) 
and (φ5, φ6, φ7). This is indeed the case, and even at ∆R = 0.5 Å the σ orbitals are 
noticeably perturbed by the presence of the other atom while the π orbitals have changed 
little from their forms at ∆R = 0.9 Å. As a result, S12 increases far more rapidly than the 
other overlaps, reaching a value of 0.85 at Re. At the equilibrium geometry these two 
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orbitals constitute the NS σ bond and are strongly singlet coupled (the sum of the weights 
with αβ in the first two positions is 0.94, see Table 5.1). Similar to the σ system, the πx 
orbitals (φ3, φ4) also participate in a 2c-2e  interaction. Near ∆R = 1.5 Å, S34 begins to 
increases monotonically, similar to, if noticeably slower than, S12. At ∆R = 0.3 Å, (φ3, φ4) 
begin smoothly delocalizing into the bonding region forming a π bond with S34(Re) = 
0.60. At Re, the sum of the weights with αβαβ in the first two positions is 0.92 (Table 
5.1), which indicates that NS is well described as having a σ bond and a πx bond.  
 Although orbitals φ5 through φ7 also evolve smoothly as a function of R, the 
orbital overlaps in Figure 5.4 suggest that the 2c-3e π system’s behavior is completely 
different from standard 2c-2e covalent bond formation. Rather than two GVB orbitals 
polarizing into the bonding region and delocalizing onto the other atom while gradually 
increasing their overlap, we observe a high, constant value for S67 and low values for S56 
and S57 at large ΔR. Then between ∆R = 0.0–0.3 Å there is a rapid increase in S56 and a 
corresponding decrease in S67 with equilibrium values of S56(Re) = 0.76 and S67(Re) = 
0.63. In this region the dominant overlap switches and is accompanied by substantial 
delocalization of φ6 towards the nitrogen atom, which accounts for the fact that S56 is 
larger than S34. 
 The changes in the spin-coupling coefficients as ΔR decreases provide further 
insights into the changes in GVB wave function. Spin-coupling weights with values 
exceeding 0.05 (5%) at any point between ∆R = 0.0 and 2.0 Å are plotted in Figure 5.5 
and the 14 linearly independent spin functions are denoted by their last-letter notation and 
equilibrium weights at Re are listed in Table 5.1. For values of ∆R greater than 1.25 Å the 
GVB wave function is described by a linear combination of several spin-coupling 
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functions, namely, the combination required to describe the separated atom limit, N(4S) + 
S(3P). At Re, one spin function dominates, #14, the PP spin function. As ∆R approaches 
0.4 Å, spin-coupling weights w5, w7 and w8 approach zero. These spin eigenfunctions 
high-spin couple the electrons in orbital pairs (φ1, φ2) and (φ3, φ4), i.e. , the newly formed 
σ and π bonds, and are unfavorable at short ΔR. The spin functions #9 and #14, on the 
other hand, continue to increase until ∆R = 0.5 Å. Both w9 and w14 have the electrons in 
(φ1, φ2) and (φ3, φ4), singlet coupled and is the dominant spin coupling at Re: w9 + w14 = 
0.917. However, the former has the electrons in φ5 and φ6 high spin coupled while the 
latter has the electrons in those orbitals singlet coupled as shown in Figure 5.3.  
 Decreasing the internuclear distance further, approaching ΔR = 0.0 (R = Re), the 
spin-coupling weights w9 and w14 cross and spin function #14, the PP spin function, 
becomes dominant (w14 = 0.792). The singlet coupling of the electrons in orbitals (φ5, φ6) 
represents formation of a recoupled pair bond. The changes in the spin-coupling account 
for the changes in orbital overlaps S56, S57 and S67 seen in Figure 5.4. That is, when the 
dominant spin-coupling weight has (φ6, φ7) singlet coupled into a lone pair, Pauli 
repulsion increases as overlaps S56 and S57 increase providing an energetic drive to keep 
these values low when S67 is high. Once recoupling occurs and (φ5, φ6) is the bond pair, 
S56 becomes energetically favorable and S57 and S67 energetically unfavorable (at Re, S56 
= 0.76 and the ‘bad’ overlaps are S67 = 0.63 and S57 = 0.12), accounting for the sudden 
changes in S67. Note that, although S67 is relatively large at Re, it is still much smaller 
than it was in the sulfur atom (0.88). This decrease is a result of the delocalization of the 
sulfur φ6 orbital onto the nitrogen atom, which decreases the Pauli repulsion with the 
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electron in φ7. The increase in S57 near Re is a result of the slight delocalization of the 
nitrogen φ5 orbital onto the sulfur atom. 
 The behavior of the orbitals, orbital overlaps, and spin-coupling weights are in 
contrast to what is observed in σ recoupled pair bond formation where the recoupling 
process is described by substantial changes in the spatial character of the orbitals 
involved while maintaining a high perfect pairing weight throughout the process, see 
Chapter 2. The process described above shows that recoupling in the π system of NS 
occurs via variations in the spin-coupling coefficients accompanied by deformations of 
the GVB orbitals that are comparable to those observed in covalent bond formation. Also, 
notable is the value of w9 at Re which makes up 12.5% of the wave function; this 
combined with the sizable value of S67 is indicative of incomplete recoupling31,32 and 
means that the recoupled pair π bond will be significantly weaker than a normal π bond, 
despite the high value of S56, the overlap between the bond pair orbitals. Shortening R 
below Re by 0.2 Å reduces w9 to 0.05 and increases w14 to 0.88 bringing the recoupling 
process closer to completion. Nonetheless, a balance must be struck between the 
completion of the p recoupling and the energetic factors associated with the two other 
covalent bonds, lone pair repulsions, etc. 
 The result of the recoupling process is an NS π bond plus a singly occupied 
orbital localized on sulfur, φ7 in Figure 5.2, available for forming another bond, in fact, 
available for forming a recoupled pair bond dyad. Consequently, we predict that bond 
formation with this singly occupied orbital will be (i) energetically favored compared to 
ligand addition to the nitrogen, which would disrupt the recoupled pair bond, and (ii) 
especially favored for electronegative ligands which will draw φ7 toward the ligand and 
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decrease the magnitude of the overlaps between the orbitals in the two bond pairs, 
especially, S67, and, hence, decrease the Pauli repulsion between the pairs. 
5.4. Ground States (X1A′) of the NSF and FNS Isomers 
 The results of the previous section provide us with the necessary information to 
make predictions about the formation of the triatomic species, NSF and FNS, based on 
the electronic structure of the parent diatomic molecule, NS. In this section we describe 
the formation of a recoupled pair bond dyad in NSF. Although this is a 2c-2e interaction 
involving the singly occupied orbital resulting from the formation of the initial recoupled 
pair π bond in NS and a singly occupied orbital on the incoming ligand, it results in the 
formation of a recoupled pair bond dyad. 
5.4.1 The NSF(X1A′) Isomer   
 The GVB orbital diagram for F addition to NS is shown in Figure 5.6 and the four 
GVB orbitals involved in the recoupled pair bond dyad at the equilibrium geometry, (Re, 
θe), of NSF are plotted in Figure 5.7. For clarity, the orbital labels in Figures 5.6 and 5.7 
are consistent with those in Figures 5.2 and 5.3. Since we are primarily interested in the 
relative description of the two F(NS) isomers, the GVB calculations on the triatomic 
species considered only the four active a′ orbitals needed to describe bond formation in 
the two isomers species, rather than the eight active a′ and a″ orbitals for the full GVB 
wave function. Leaving the NS σ and π(a″) orbitals doubly occupied in the GVB wave 
function is not expected to significantly affect the relative energetics of the two isomers, 
although it will impact the NS dissociation energies.  The NS bond energies for both a 3- 
and 7-electron active space are provided in Table 5.2. Exclusion of the σ and π electrons 
from the GVB active space decreases the NS bond energy by 32.63 kcal/mol, which is a 
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measure of the error introduced by requiring the orbitals describing these two bonds to be 
doubly occupied (as they would be in a HF wave function). 
 At (Re, θe), the PP spin-coupling weight for the four-electron GVB wave function 
is 0.99 for the NSF(X1A′) state; so this state is well described by a set of four covalent 
bonds—a σ and two π-type bonds connecting NS and the σ bond connecting SF (recall 
that NS is well described as having a σ and πx bond). In MO terms the NS π (a′) and SF σ 
bonds would be considered to be a variation of a (3c-4e) bond. However, as can be seen 
by the nature of the orbitals in Figure 5.7 and the fact that the PP spin coupling weight is 
so large, these bonds are simply two polar covalent bonds. 
 Apart from a slight polarization due to the presence of the F atom, the bond pair 
making up the NS recoupled pair p bond, (φ5, φ6), remains singlet coupled and the 
orbitals are very similar to the NS orbitals plotted in Figure 5.2. Examining the newly 
formed bond pair, (φ7, φ8), the F-centered 2p-like orbital, φ8, is almost unperturbed by 
bond formation. On the other hand, there are significant changes in φ7: this orbital has 
localized in the SF bonding region and delocalized onto the F atom, displaying the 
expected Sδ+Fδ– polarity of a σ bond between S and F.  
 The polarity of the NS–F bond has an additional benefit—it reduces the ‘bad’ 
overlaps of φ7 with the NS bond pair, (φ5, φ6), from S67 = 0.63 and S57 = 0.12 in NS to 
S67 = 0.37 and S57 = 0.10, respectively, in NSF.  The resulting decrease in the Pauli 
repulsion has a stabilizing effect and leads to an increase in the strength of the NS–F 
bond as well as that of the N–SF bond compared to their covalent counterparts: 
 De(NS–F) =  87.88 kcal/mol De(S–F) =  83.32 kcal/mol 
 De(N–SF) =  114.93 kcal/mol De(N–S) =  110.37 kcal/mol 
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A larger increase might have been expected from completing the dyad. However, 
because of the spatial arrangement of the two bond pairs, the repulsive interaction 
between the two pairs, especially that related to S67, is still significant, and this, along 
with increases in the repulsions between the other electron pairs, reduces the strengths of 
these bonds. The calculated NS–F bond length is slightly longer than that in the covalent 
SF bond, Re(NS–F) = 1.651 Å versus 1.601 Å in the SF(X2Π) state, which is also most 
likely due to repulsion between the new bond and the N–SF recoupled pair π bond as well 
as that between the F lone pairs and the other σ and π bonds. Completion of the recoupled 
pair bond dyad in NSF does shorten the N–SF bond as a result of the reduced ‘bad’ 
overlaps. The N–SF bond is 0.050 Å shorter than the NS bond at 1.497 Å, see Table 5.2.  
 It is also possible to form NSF though the addition of a nitrogen atom to the 
recoupled pair σ bonded a4Σ- state of SF; this is shown in Figure 5.8. In this configuration 
orbitals (φ7, φ8) make up the SF recoupled pair σ bond while the incoming nitrogen 
orbital, φ5, forms a bond with φ6, the singly occupied orbital left over from formation of 
the  recoupled pair σ bond in the SF(a4Σ–) state (orbitals that complete the dyad are 
shaded yellow in both Figures 5.6 and 5.8). Note that, although the sulfur lobes, (φ6, φ7), 
in Figure 5.8 are drawn on either side (top and bottom) of the atom, representing 
recoupled pair σ bond formation, the orbitals have significant density on both sides of the 
sulfur atom, see Figure 2.10. Mixing of the configurations represented in Figures 5.6 and 
5.8 may make a contribution to the stability of NSF, although the similarity of the orbitals 
of NS (Figure 5.2) and NSF (Figure 5.7) suggests that the contribution associated with 
the configuration in Figure 5.8 is likely to be small. 
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5.4.2. The FNS(X1A′) Isomer  
 The calculated geometries for NSF along with FNS are listed in Table 5.3. 
Formation of an F–NS bond will disrupt the NS recoupled pair p bond and would be 
expected to weaken and lengthen the FN–S bond. That is, in fact, what is observed: 
Re(FN–S) = 1.550 Å whereas Re(N–SF) = 1.447 Å, and De(FN–S) = 83.37 kcal/mol 
whereas De(N–SF) = 114.93 kcal/mol (Tables 5.3 and 5.4). The GVB diagram describing 
the PP spin-coupling pattern is shown in Figure 5.9. The stabilizing effect of the 
recoupled pair bond dyad in NSF and the destabilization of the FN–S bond as a result of 
the formation of the F–NS bond together provide an explanation for the NSF isomer 
being lower in energy than the FNS isomer by 39.42 kcal/mol, the only isomer pair in the 
X(NY); X = H, F and Y = O, S series to exhibit this behavior. Our work on the oxygen-
substituted species will be reported in Chapter 6. 
 The relative stabilities of the isomers calculated at the HF, and GVB levels of 
theory, at the RCCSD(T) geometries, are also included in Table 5.3 (basis set: AVQZ). 
The GVB isomerization energy is only 1.24 kcal/mol greater than that from the 
RCCSD(T) calculations, but is 4.12 kcal/mol less than the HF energy.  
5.5. Ground States (X1A′) of NSH and HNS Isomers 
 If the fluorine atom is replaced with a hydrogen atom, the stabilizing effect of 
dyad formation would be expected to diminish or maybe even be negated all together. In 
σ systems where dyads involving the 3p orbitals on sulfur are formed, hydrogen atoms 
are incapable of reducing the ‘bad’ bond pair overlaps that give rise to Pauli repulsion 
sufficiently to form a recoupled pair bond dyad, even in the simplest cases such as H + 
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SF(a4Σ–).33 Thus, we would expect a very different outcome when a hydrogen atom is 
added to NS versus the addition of a fluorine atom. 
5.5.1. The NSH(X1A′) Isomer 
  The NSH(X1A′) state is bound, although the SH bond is weak: De(NS–H) =  
46.68 kcal/mol compared to 86.88 kcal/mol in SH(X2Π). In addition, the calculated NS–
H bond length, 1.408 Å (Table 5.3), is significantly longer that the corresponding 
calculated bond length in SH, 1.343 Å (Table 5.2) and the calculated NS bond length is 
nearly the same in NSH as in NS: 1.499 Å versus 1.497 Å. On the other hand, the 
calculated NS bond energy in NSH, just 70.17 kcal/mol (Table 5.4), is much weaker than 
in NS, 110.37 kcal/mol (Table 5.2). At the GVB and HF level of theory NS–H is 
unbound by 0.23 and 0.29 kcal/mol, but the GVB result includes only the four orbitals 
involved in the SH and NS π bonds in the active space. If we approximately correct for 
the error introduced by doubly occupying the NS σ and πx pairs, we obtain a bond energy 
of 32.40 kcal/mol, see Table 5.2.  
 For NSH, wPP = 0.997 for the four-electron GVB wave function, so the molecule 
is well described by four singlet coupled pairs, although not necessarily by four bonds. 
The four GVB orbitals for NSH at its equilibrium geometry are shown in Figure 5.10. 
These orbitals suggest that the NSH(X1A′) state is primarily described by a configuration 
formed from the addition of N(2D) to SH(2Π), although the SH bond orbitals are 
significantly distorted as a result of their interaction with the N pair (φ5, φ6).  The orbital 
pair (φ5, φ6) is largely localized on the nitrogen atom with a measure of radial correlation 
and polarization toward the S atom, while the orbital pair (φ7, φ8) resembles an SH bond 
pair bent away from the (φ5, φ6) pair to reduce Pauli repulsion. The GVB diagram 
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describing this configuration is shown in Figure 5.11, where the connection to the orbital 
structure N(2D) + SH(2Π) limit is obvious.  
 At large values of NS–H, the recoupled pair bond dyad configuration is dominant. 
However, as the NS–H distance decreases, the orbitals in the recoupled pair bond 
configuration smoothly convert to those shown in Figure 5.10. So, at the equilibrium 
geometry of NSH, the recoupled pair bond configuration makes a rather minor 
contribution to the NSH wave function, which accounts for the dramatic decrease in the 
NS bond energy from 110.37 kcal/mol in NS to 70.17 kcal/mol in NSH (Figure 5.11 has 
only a single σ NS bond). The GVB orbital diagram representing the recoupled pair bond 
dyad PP spin coupling is similar to that in Figure 5.6 with the singly occupied 2p fluorine 
orbital replaced by the 1s orbital of a hydrogen atom. Deviations of the NSH GVB 
orbitals from those expected in the recoupled pair bond dyad configuration are evident in 
Figure 5.10. Although the first bond pair, (φ5, φ6), is somewhat similar to the NSF 
orbitals in Figure 5.7, there is clearly more nitrogen character in orbital φ6 in NSH than in 
NSF, due to the dominance of the N(2D) to SH(2Π) configuration. Additionally, the 
orbitals for the S–H bond pair are decidedly different from those in Figure 5.7: the S 
bonding orbital (φ7) is polarized away from the π bond pair, localizing behind the S atom, 
away from the N atom, although it does bear a faint resemblance to the orbital left over 
from forming the recoupled pair π bond (φ7) in Figure 5.2. In response, the H bonding 
orbital (φ8) delocalizes onto the S atom to maximize its overlap with the S bonding 
orbital (sulfur is slightly more electronegative than hydrogen). 
 Although the formation of the NSH bond reduces the ‘bad’ overlaps between φ7 
and the bond pair as would be expected upon formation of a recoupled pair bond dyad—
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in NSH, S67 = 0.27 and S57 = 0.12, a decrease which is similar to that resulting from the 
addition of F of NS—the mechanism for accomplishing this reduction is quite different in 
the two molecules. Comparing the orbital pair (φ7, φ8) in Figure 5.10 with its analog in 
Figure 5.7 it is clear that the polarity of the NS–F bond reduces the overlap of bond pair 
densities within the molecule allowing F to form a shorter, stronger bond with NS. On the 
other hand, the H atom is much less electronegative compared to F and cannot polarize φ7 
away from the orbital pair (φ5, φ6). The spatial orientation of the orbitals of NSH is 
influenced by the trade-off between strengthening the NS–H bond and relieving the Pauli 
repulsion between the bond pairs. As a result, φ7 polarizes away from the NS recoupled 
pair π bond, localizing on the backside of the S atom and outside of the NS-H bonding 
region, which dramatically weakens and lengthens the NS–H bond. In compensation φ6 
moves toward the N atom, which weakens the N–SH bond. As a result, and in contrast to 
NSF where the NS–F bond is actually slightly stronger than the SF covalent bond, the 
addition of H yields an NS–H bond that is 40.20 kcal/mol weaker than the covalent SH 
bond. It is also not significant enough to shorten or strengthen the N–SH bond, which is 
0.002 Å longer and 40.20 kcal/mol weaker than the covalent NS bond. 
 Although the dyad configuration may help stabilize NSH, it does not strengthen 
the bonds to the extent observed in NSF. However, the N–SH bond is still shorter than 
the HN–S bond by 0.076 Å, a result of the H atom disrupting the NS recoupled pair π 
bond in HNS. The NSH and HNS geometries are listed in Table 5.3.  
5.5.2. The HNS(X1A′) Isomer  
 The GVB orbital diagram representing the PP spin coupling is similar to the FNS 
diagram shown in Figure 5.9 with the singly occupied 2p fluorine orbital replaced by a 1s 
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hydrogen orbital. Hydrogen addition disrupts the recoupled pair π bond in NS forming a 
standard 2c-2e covalent bond between the N and H atom. The H-NS bond is 0.01 Å 
shorter and 13.66 kcal/mol weaker than the covalent NH bond. However, the disruption 
of the NS recoupled pair π bond weakens the HN-S bond by 13.65 kcal/mol with respect 
to the covalent NS bond. Even so, the HN-S bond is 26.55 kcal/mol stronger than the 
N-SH bond another indication of the balance between strengthening the bonds and 
reducing Pauli repulsion in NSH.  
5.6. Conclusions  
 Generalized valence bond (GVB) calculations, accompanied by accurate coupled 
cluster calculations, on NS, NSF/FNS and NSH/HNS have shown that: 
• The NS(X2Π) state possesses a recoupled pair π bond, leading to a shorter, 
stronger NS bond, with the singly occupied orbital largely localized on the 
sulfur atom. This has a dramatic impact on the reactivity of NS. 
• As a result of the recoupled pair π bond in NS, the NSF isomer is more stable 
than the FNS isomer. The NSF isomer possesses a recoupled pair bond dyad, 
consisting of the NS recoupled pair p bond and an SF σ bond involving the 
singly occupied orbital left over from formation of the recoupled pair p bond 
and the singly occupied fluorine 2p orbital. Formation of the dyad (slightly) 
strengthens both the N–SF and NS–F bonds relative to what they are in the 
diatomic molecules (NS and SF). 
• On the other hand, the HNS isomer is more stable than the NSH isomer. Unlike 
the very electronegative fluorine atom, the hydrogen atom cannot form a strong 
recoupled pair bond dyad in NSH. In fact, the NSH isomer is best viewed as 
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arising from the N(2D) + SH(X2Π) limit, with a weak N–SH bond as well as an 
unusually weak NS–H bond. The interaction of the NS–H bond pair with the N 
lone pair in the NS moiety is responsible for the weak NS–H bond. 
• Addition of either a fluorine or hydrogen atom to the nitrogen atom in NS 
disrupts the recoupled pair π bond in NS, weakening both the F–NS/H–NS and 
FN–S/HN–S bonds. 
These results illustrate the important insights to be gained about the electronic structure 
of molecules from GVB calculations as well as the role that recoupled pair bonding plays 
in determining the structures, energetics and other properties of molecules containing 
sulfur with electronegative ligands.  
 Generalized valence bond calculations, along with the resulting models for 2-
center 2-electron (2c-2e), 2c-3e and 3c-4e bonds, have shown their utility for 
understanding the structure, energetics and other properties of an increasingly broad 
range of molecular species. The continued refinement of the method and models will 
expand their value and provide a significant step forward on the path to a comprehensive 
theory of bonding. In subsequent chapters we will explore the oxygen-substituted species, 
which exhibit very different geometries and energetics, as well as other X(NS) species. 
We will show that these properties are easily explained and predictable once the concept 
of lone pair recoupling is taken into account.  
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5.7 Figures 
!
Figure 5.1. Hartree-Fock and GVB orbital diagrams for the sulfur and nitrogen atoms. 
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!
Figure 5.2. GVB orbitals for the NS(X2Π) state as a function of internuclear separation, 
ΔR = R – Re (Re = 1.497 Å). Basis set: AVQZ. 
 
!
Figure 5.3. GVB orbital diagram for the NS(X2Π) state. 
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!
Figure'5.4.!GVB orbital overlaps for the NS(X2Π) state as a function of the internuclear 
separation, ΔR = R – Re, Re = 1.497 Å. The equilibrium geometry is marked with the 
vertical dashed line. Basis set: AVQZ. 
 
!
Figure 5.5. GVB spin-coupling weights for the NS(X2Π) state as a function of the 
internuclear separation, ΔR = R – Re, Re = 1.497 Å. The equilibrium geometry is marked 
with the vertical dashed line. Basis set: AVQZ. 
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Figure 5.6. GVB orbital diagram for the NSF(X1A′) state. 
 
!
Figure 5.7. GVB orbitals for the recoupled pair bond dyad in the NSF(X1A′) state. 
Singlet coupled pairs are separated by dashed lines. Basis set: AVQZ. 
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!
Figure 5.8. GVB orbital diagram for the N(4S) + SF(a4Σ–) configuration, which can 
contribute to the NSF(X1A′) state. 
 
!
Figure 5.9. GVB orbital diagram for formation of the FNS(X1A′) state. 
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Figure 5.10. GVB orbitals for the recoupled pair bond dyad in the NSH(X1A′) state. 
Singlet coupled pairs are separated by dashed lines. Basis set: AVQZ. 
 
!
Figure 5.11. GVB orbitals diagram for the N(2D) + SH(X2Π) configuration. 
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5.8 Tables 
Table 5.1. The fourteen linearly independent Kotani spin eigenfunctions, ordered 
according to the last-letter sequence notation, and their spin-coupling weight (wS;k) at Re. 
Calculated at the GVB/AVQZ level of theory. 
 Spin Eigenfunction wS;k(Re)!
1 ααααβββ 0.000 
2 αααβαββ 0.001 
3 ααβααββ 0.001 
4 αβαααββ 0.000 
5 αααββαβ 0.000 
6 ααβαβαβ 0.000 
7 αβααβαβ 0.007 
8 ααββααβ 0.002 
9 αβαβααβ 0.125 
10 αααβββα 0.027 
11 ααβαββα 0.014 
12 αβααββα 0.016 
13 ααββαβα 0.015 
14(PP) αβαβαβα 0.792 !! !
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Table 5.2. Diatomic ground state bond lengths, Re (Å), and dissociation energies, De 
(kcal/mol), from HF, GVB and RCCSD(T)/AVQZ calculations. Calculations at the 
RCCSD(T)/AVQZ optimized geometry. 
  Re  De 
Molecule   RCCSD(T)   RCCSD(T)  GVB  HF 
NS(X2)  1.497  110.37  64.71*  25.60 
SH(X2)  1.343  86.88  70.82  61.27 
NH(X3–)  1.037  82.04  63.39  48.62 
NF(X3–)  1.319  75.46  38.86  18.81 
SF(X2)  1.601  83.32  52.71  38.63 
* If the active space is restricted to just orbitals φ 1- φ 4, De is reduced to 32.08 kcal/mol; the 
difference of 32.63 kcal/mol is a measure of the importance of the GVB description of the NS σ 
and remaining π bond. 
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Table 5.3. Calculated RCCSD(T)/AVQZ geometries and isomerization energies for the 
molecules obtained by F and H atom addition to NS. Bond lengths are in Å, angles in 
degrees, and energies in kcal/mol. Positive ΔE values indicate the isomer in the middle 
column is lowest in energy. Calculations: HF, GVB and RCCSD(T)/AVQZ. 
NSH(X1A′) HNS(X1A′)  E(HSN-SNH) 
RSH RSN QHSN RSN RNH QSNH  RCCSD(T)  GVB  HF 
1.408 1.499 109.9 1.575 1.027 108.9  21.70  21.05  16.78 
            
 NSF(X
1A′)   FNS(X
1A′)   FSN-SNF 
RSF RSN QFSN RSN RNF QSNF  RCCSD(T)  GVB  HF 
1.651 1.447 116.4 1.550 1.440 111.2  -39.42  -40.66  -44.78 
            !
Table 5.4. H(NS) and F(NS) bond energies (kcal/mol). Values calculated with respect to 
the covalent ground states of the appropriate fragments. Calculations: RCCSD(T)/AVQZ. 
Bond De  Bond De 
NS–H(X1A′) 46.68  N–SH(X1A′) 70.17 
H–NS(X1A′) 68.38  HN–S(X1A′) 96.72 
NS–F(X1A′) 87.88  N–SF(X1A′) 114.93 
F-NS(X1A′) 48.45  FN–S(X1A′) 83.37 
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Chapter 6  
 
Generalized Valence Bond Description of Chalcogen-
Nitrogen Compounds. NO, F(NO) and H(NO)† 
 
6.1. Introduction 
 Chapter 5 analyzed the electronic structure of the ground state, (X2Π), of NS 
using generalized valence bond (GVB) theory. We found that the 2-center, 3-electron 
(2c-3e) interaction in the π system of NS resulted in the formation of a recoupled pair 
π bond, and discussed the impact of the presence of this bond on the 1A′ states of the 
H(NS) and F(NS) isomers. Because of the presence of the NS recoupled pair π bond, the 
unpaired, singly occupied orbital in NS is localized on the sulfur atom and is available to 
participate in the formation of another bond, yielding a recoupled pair bond dyad. 
 The effect of hydrogen and fluorine atom addition to NS was examined and it was 
found that: (i) the very electronegative fluorine atom formed a strong recoupled pair bond 
dyad, yielding a strongly bound NSF species, (ii) the NS–H bond is weak and primarily 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
† Reproduced with permission from the Journal of Physical Chemistry 
Takeshita, T. Y.; Dunning T. H. Generalized Valence Bond Description of Chalcogen-Nitrogen 
Compounds. II. NO, F(NO), and H(NO). J. Phys. Chem. A 2015, 119, 1456-1463!
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correlates with the N(2D) + SH(X2P) configuration, and (iii) formation of an X–NS bond, 
X = F or H, disrupted the recoupled pair bond, resulting in weak XN–S bonds. The 
stabilizing effect of the recoupled pair bond dyad in NSF is the reason that NSF is the 
lowest energy isomer, with the FNS isomer calculated to lie 39.42 kcal/mol higher 
[RCCSD(T)/aug-cc-pV(Q+d)Z]. 
 Recoupled pair bond dyads are not found in the NSH isomers nor, as we shall 
show here, in the NOF and NOH isomers and, thus, HNS, FNO and HNO are the most 
stable isomers. Zhang and coworkers1,2 and Denis et al.3 performed systematic 
investigations of a series of these molecules in an attempt to understand the relationship 
between the stability of the isomers and the electronegativity of the substituents. We will 
show here that the electronegativity of the substituents plays a role in determining this 
trend, yet knowledge of the presence or lack of the recoupled pair p bond in NS and NO 
is necessary for a more comprehensive understanding of the relative stabilities of the 
H(NY) and F(NY) isomers (Y = O, S). 
6.2. Computational Methods 
All calculations were performed with the Molpro suite of quantum chemistry 
programs.4 Structures and energies were obtained using single-reference restricted singles 
and doubles coupled cluster theory with perturbative triples5-8 [RCCSD(T)]. For reasons 
that will become obvious later, multi-reference configuration interaction9,10 [MRCI] 
calculations (with the Davidson correction11,12) were performed on NOF. Augmented 
correlation consistent basis sets of quadruple zeta quality (aug-cc-pVQZ) were used in all 
calculations;13,14 the shorthand notation, AVQZ, will be used to represent this basis set. 
Generalized valence bond (GVB) calculations with the AVQZ basis were performed at 
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the equilibrium geometries obtained in the RCCSD(T)/AVQZ calculations. All GVB 
calculations were performed with Molpro’s fully variational CASVB program15-17 in 
conjunction with the Kotani spin basis18. 
6.3. Ground State, X2Π, of NO 
 The Hartree-Fock and GVB orbital diagrams for the oxygen atom are shown in 
Figure 6.1 where the lobes represent two of the in-plane 2p orbitals, the circle represents 
the third out-of-plane 2p orbital, and the dots represent orbital occupations (for the GVB 
orbital diagram for nitrogen atom, see Figure 5.1 of the preceding chapter). The Hartree-
Fock representation of the oxygen atom contains two singly occupied 2p orbitals and one 
doubly occupied 2p orbital. In the GVB representation all active orbitals are singly 
occupied and the doubly occupied HF orbital is represented as two overlapping, 
nonorthogonal lobe orbitals, (2p–, 2p+), denoted by dividing the HF orbital into an inner 
and outer part by dashed lines and placing one dot in each division. 
 The GVB diagram for the oxygen atom is different from that for the sulfur atom 
(see Chapter 5, Figure 5.1) where the p lobe is divided into left and right sides. The 
different ways in which the oxygen and sulfur orbitals are divided is not arbitrary and, in 
fact, are drawn in this manner to represent the variationally determined spatial character 
of the GVB lobe orbitals: the optimum oxygen lobes are radially (in-out) correlated, 
while the sulfur lobes are angularly (left-right) correlated. The nature of the correlated 
pair in the oxygen atom can be seen in the top row of Figure 6.2, orbitals (φ5, φ6). These 
orbitals have an overlap of 0.87, with one (φ5) being closer to the O nucleus (tighter) and 
the other (φ6) more diffuse. The remaining two oxygen 2p orbitals, φ2 and φ3, and the 
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three singly occupied nitrogen 2p orbitals, φ1, φ4 and φ7 are also shown in the top row of 
Figure 6.2.  Note that the orbital labels in Figures 6.1 and 6.2 are consistent for clarity. 
 As we shall see, the in-out splitting of the oxygen lone pair has implications for 
the bonding in NO, F(NO) and H(NO). Strong recoupled pair bonds are only formed 
when the GVB lobes making up the lone pair can be effectively separated during the 
formation of the bond. This can not be easily achieved if the lone pairs are radially 
correlated and, as a result, strong recoupled pair bonds are not formed with oxygen lone 
pairs.19  
 The orbital overlaps as a function of ΔR, where ΔR = R – Re [Re = 1.153 Å, 
RCCSD(T)/AVQZ] are plotted in Figure 6.3 and together with Figure 6.2 provide a clear 
illustration of the behavior of the orbitals during molecular formation. As ΔR decreases, 
orbitals φ1 and φ2 delocalize into the bonding region while their overlap, S12, increases 
monotonically (since only the active orbitals are nonorthogonal, we have dropped the “a” 
part of the orbital label). S12 is the first to increase in value due to the fact that orbitals φ1 
and φ2 lie along the σ bond axis, pointing directly at one another. As ΔR continues to 
decrease S34, the overlap between the N and O πx(a″) orbitals, increases as these orbitals 
begin to overlap and delocalize into the π bonding region. This is consistent with the 
formation of σ and πx(a″) bonds between N and O, just as was the case in NS (see Figures 
5.2 and 5.4 in Chapter 5).  
 In contrast to the 2c-3e (a′) system in NS where abrupt changes in S56, S57 and S67 
occurred near Re, in NO these overlaps are consistent with a 2c-3e system in which the 
interaction is repulsive and no bond is formed. S56, which is the overlap of the two 
orbitals in the O lone pair at large ΔR, remains high and at Re is equal to 0.84, similar to 
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its value of 0.87 in an isolated O atom. Meanwhile, S57 and S67 increase monotonically 
due to the overlap between these orbitals as the distance between the two atoms 
decreases—these overlaps are unfavorable and lead to Pauli repulsion.20 At the 
equilibrium distance the GVB(PP) spin function has a weight of 0.94. The GVB(PP) 
diagram, Figure 6.4, shows the two 2c-2e interactions forming the σ and π bonds and the 
2c-3e interaction resulting in a singly occupied orbital on N (φ7) and a lone pair on O (φ5, 
φ6). 
 The behavior of the spin-coupling weights as a function of ΔR are shown in 
Figure 6.5. Of the weights associated with the fourteen (14) different ways to couple the 
spins of the seven electrons in the active orbitals, only those with values greater than 0.05 
(5% of the wave function) between ΔR = 0.0 and 2.0 Å are plotted. To properly describe 
the separated atoms, N(4S) + O(3P), a combination of several spin functions is needed; 
however, as ΔR approaches zero, the prefect pairing spin-coupling coefficient dominates 
with w14 (Re )= wPP (Re )  = 0.94. Column 3 of Table 6.1 lists all 14 spin-coupling weights 
at Re associated with the orbital ordering given in Figure 6.2. The dominance of the 
perfect pairing (PP) spin coupling indicates that NO is well described by the perfect 
pairing wave function, shown diagrammatically in Figure 6.4. Thus, the NO(X2Π) state 
has a double bond [σ, πx(a″)], a lone pair on the oxygen atom, and a singly occupied 
orbital on the nitrogen atom. In contrast to the NS(X2Π) state, the lone pair on the oxygen 
atom remains a lone pair, i.e., recoupling has not occurred. It should be noted that the 
orbital ordering in Figure 6.2 differs from that of Figure 5.2 in Chapter 5. 
 The full GVB wave function is invariant to a permutation of the orbitals. 
However, the values of the coefficients of the spin functions, {ck}, will change if the 
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order of the orbitals is changed. In a previous paper21 on C2 we used this freedom to 
discover a better description of the nature of the bonding in this molecule than that 
provided by the perfect pairing spin function with four singlet coupled pairs. Here, we 
explore the impact of permuting orbitals φ5 and φ7 in Figure 6.2 to match the ‘recoupled 
pair’ order of Figure 5.2 in Chapter 5. The 14 spin-coupling weights at Re corresponding 
to the ‘recoupled’ order are listed in column 4 of Table 6.1, and the dependence of the 
spin-coupling weights on ΔR are shown in Figure 6.6. First, we note that there is no 
dominant spin function for the re-ordered orbitals. Rather both w9 and w14 have 
appreciable weights with w9 ≈ 2w14. In effect, this combination of the two spin functions 
is simply reversing the re-ordering of the orbitals. In Figure 6.6, w9 and w14 increase from 
their value at long separations, with w9 remaining dominant, while all other weights 
decrease to negligible values. This is in contrast to the behavior in NS where w9 is the 
dominant weight at long distances then as ΔR approaches zero the two curves cross 
resulting in w14  being the dominant spin-coupling weight at Re. The curve crossing in NS 
is evidence of recoupled pair π bond formation and its absence in NO indicates that the 
2c-3e interaction in NO does not lead to the formation of a recoupled pair bond.  
 In summary, the 2c-3e p system of NO is comprised of a lone pair, (φ5, φ6), on the 
oxygen atom with some delocalization of the most diffuse orbital in the lone pair, (φ6) 
onto the nitrogen atom and a singly occupied orbital, (φ7), shaded yellow in Figure 6.4, 
localized on the nitrogen atom that is available for bonding with an incoming ligand. 
6.4. Ground State (X1A′) of the FNO and NOF Isomers 
 With the singly occupied orbital in NO localized on the nitrogen atom, we expect 
the predominant ligand addition pathway to involve addition to the nitrogen atom. This 
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is, in fact, the case—the most stable X(NO) isomers are FNO and HNO. However, 
molecules with the NO–X structure, with X = H, F, are also bound, although they are 
found at relatively high energies relative to the XNO isomers. The RCCSD(T)/AVQZ 
geometries and RCCSD(T), GVB and HF relative energies of the H(NO) and F(NO) 
isomers are listed in Table 6.2. The GVB wave functions with only the four active a′ 
orbitals that change between FNO and NOF (see below) give an FNO–NOF relative 
energy 0.87 kcal/mol less than the RCCSD(T) values, while the HF value is 17.47 
kcal/mol greater. The dissociation energies from RCCSD(T)/AVQZ  calculations are 
provided in Table 6.3, and the RCCSD(T)/AVQZ geometries and dissociation energies 
for the relevant ground state diatomic molecules are provided in Table 6.4. As 
counterintuitive as the NOX molecules seem, the GVB calculations provide invaluable 
insights into their electronic structures.  
6.4.1 The “Through-Pair” Interaction in NOF(X1A′)  
 The GVB orbital diagram for the perfect pairing wave function for the 
NOF(X1A′) state is displayed in Figure 6.7. The four active orbitals included in the GVB 
calculation, (φ5, φ6, φ7, φ8), are labeled to be consistent with Figure 6.4 [the σ and πx(a″) 
bonds were taken to be doubly occupied]. This molecule is well described by the PP spin 
coupling with wPP  = 0.999; so, the bond pairs shown in this figure provide an accurate 
representation of the full GVB wave function. Solid lines connecting lobes indicate 
singlet coupling in ΘPP and the dashed lines connecting the two yellow lobes represent 
the new singlet coupled pair formed by the addition of the fluorine atom. Plots of the four 
GVB a′ orbitals schematically represented in Figure 6.7 are shown in Figure 6.8. 
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 Although the more diffuse orbital of the oxygen lone pair, φ6, has delocalized 
across both atoms as in the NO molecule, it remains predominantly singlet coupled to φ5 
and together the two make up what was the lone pair on the oxygen atom in NOF; note, 
e.g., the similarity of these two orbitals to the corresponding orbitals, φ5 and φ6, in Figure 
6.2. On the other hand, the orbitals of the second singlet coupled pair, (φ7, φ8), remain 
well localized on the F and N atoms. The electron in the GVB orbital φ8, which is 
localized on the fluorine atom, is singlet coupled with that in φ7, which is localized on the 
nitrogen atom. The small tails that these orbitals acquire as a result of their interaction 
with the lone pair on the oxygen atom yield an overlap of 0.22. The dashed line 
connecting the orbitals in Figure 6.7 is drawn from φ8 through lobes (φ5, φ6 ) to φ7 denote 
this type of interaction. 
 We refer to this interaction as a “through-pair” interaction, since the orbitals on 
the two radical centers overlap with each other as a result of their interaction with the 
orbitals of a lone pair. This interaction is very weak and the resulting molecule is 
expected to be very reactive—with an overlap of just 0.22, NOF is essentially a diradical. 
The weakness of this type of orbital interaction is reflected in the calculated NO–F 
dissociation energy, which is just 25.43 kcal/mol, and the NO–F internuclear distance of 
1.797 Å, which is 0.444 Å longer than that in the covalent OF(X2Π) state [both results 
from RCCSD(T)/AVQZ calculations]. Since this species has substantial diradical 
character, we also carried out MRCI+Q/AVQZ calculations. These calculations predict 
the NO-F dissociation energy and bond length to be 22.53 kcal/mol and 1.759 Å, 
respectively.  
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 The above results are consistent with the earlier, lower level calculations on the 
NOF isomer by Alberts et al.,22 who predicted an NO–F bond strength of just 5.9 
kcal/mol and an NO–F bond distance of 1.777 Å (SD+1+2/DZ+p). This is a very unusual 
type of interaction and we don’t yet know how widespread it is in molecules, but similar 
though-pair interactions are found in ozone23,24, SOCl25 and the dimethyl sulfide + F2 
reaction intermediate, (CH3)2SF–F.26 Ozone’s π (b1) system consists of two singly 
occupied, singlet-coupled π orbitals on the terminal oxygen atoms and a lone pair on the 
central oxygen atom.23,24 The overlap of the two orbitals on the terminal atoms is just 
0.16,24 slightly less than that found in NOF, which is the cause of ozone’s high reactivity. 
The calculated O2–O bond energy is 23.8 kcal/mol at the same level of theory,24 but, in 
this case, both an OO σ bond as well as a through-pair interaction are formed. In this 
case, the weakness of the resulting O2–O bond is largely a result of the loss of the 
favorable triplet coupling between the π orbitals in O2, which is only weakly offset by the 
formation of the OO σ bond and the intrinsically weak through-pair interaction. In the 
(CH3)2SF–F intermediate, the through-pair interaction is between the electron in the 
orbital left over from formation of the (CH3)2S–F recoupled pair bond, which is 
delocalized over the S–F region, and the electron in the singly occupied 2p orbital of the 
outer F atom; the overlap is 0.22 and the interaction energy is just 10.9 kcal/mol.26 The 
through-pair interaction in SOCl is similar to that in NO–F except the interior singlet 
coupled pair is the SO recoupled pair π bond rather than the oxygen lone pair; in this 
case, the overlap is 0.24, but the interaction is extremely weak (essentially zero).25 The 
commonality between the 3c-4e systems in NOF, O3, SOCl, and (CH3)2SF–F is the 
presence of two singly occupied, singlet-coupled exterior orbitals with low overlap that 
! 142!
are separated by an interior singlet coupled pair. These findings suggest that through-pair 
interactions may be a rather general phenomenon. Even when these interactions don’t 
give rise to a significantly bound species, as in SOCl, they still have a major effect on the 
shape of the potential energy surface in the region associated with the through-pair 
interaction. All of these species can be described by the GVB wave function, since it can 
describe diradicals, but multiconfiguration SCF wave functions will be needed to 
describe them properly in terms of traditional orthogonal molecular orbitals. 
6.4.2. The F–NO Bond in FNO(X1A′) 
 The GVB orbital diagram for FNO is shown in Figure 6.9 and its configuration is 
as expected, i.e., the singly occupied orbital on the incoming fluorine atom, φ8, is singlet 
coupled to the singly occupied orbital on nitrogen, φ7, forming a s bond while the orbital 
pair, (φ5, φ6), correspond to the lone pair on oxygen. F addition to the N shortens the FN–
O bond by just 0.019 Å, while the F–NO bond is 0.195 Å longer than in the ground state 
of NF. The FN–O dissociation energy is 13.37 kcal/mol smaller than in NO(X2Π) and the 
F–NO is 13.38 kcal/mol smaller than in NF(X3Σ-) at the RCCSD(T)/AVQZ level of 
theory. 
6.5.  Ground State (X1A′) of the HNO and NOH Isomers 
 Because of the lack of a  recoupled pair π bond in NO, we do not expect the 
formation of a recoupled pair bond dyad in the NOH(1A′) isomer. However, as noted 
above, NOH does indeed exist. There are three clues to the nature of the bonding in 
NOH. First, the NO–H bond with Re = 0.987 Å is comparable to the OH(X2Π) bond 
length of 0.971 Å. Second, the NO bond length in NOH, 1.266 Å, is much longer than 
that in NO, 1.153 Å. Third, the NO bond strength has decreased from 149.28 kcal/mol in 
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NO to 53.94 kcal/mol in NOH. These results suggest that NOH arises from the 
combination of an OH fragment in its ground state and a N atom in an excited state that 
only permits the formation of a single bond between the N and O atoms. In fact, the GVB 
calculations show that the electronic configuration of NOH is consistent with that of 
N(2D) + OH(X2Π), which is consistent with our results for NSH (if anything, the 
connection is clearer in NOH than in NSH, where a recoupled pair bond dyad can also 
contribute to the wave function). The corresponding orbital diagram is shown in Figure 
6.10 and the four active GVB a′ orbitals are shown in Figure 6.11. The perfect pairing 
spin function corresponding to the singlet coupled pairs (φ5, φ6) and (φ7, φ8) has a weight 
of 0.9997 indicating that NOH is well described by the set of singlet coupled GVB orbital 
pairs depicted in Figure 6.10: those involved in the NO and OH σ bonds and those in the 
nitrogen lone pair. In particular, the (φ5, φ6) orbitals are largely localized on the nitrogen 
atom and the (φ7, φ8) orbitals are largely localized in the NO-H bonding region.  
 The addition of a H atom to the nitrogen atom of NO is well described by the 
FNO orbital diagram in Figure 6.9 with the incoming singly occupied orbital, φ8, being 
the singly occupied 1s orbital on hydrogen, rather than the F 2p orbital. Again, the orbital 
pair, (φ5, φ6), correspond to a lone pair on oxygen and the H–NO bond is a standard 2-
center, 2-electron covalent bond, with a bond length just 0.017 Å longer and 28.85 
kcal/mol weaker than NH (X3Σ-).  The changes in the HN–O bond are somewhat larger—
this bond is 0.058 Å longer than in NO(X2Π) and 28.85 kcal/mol weaker. The relative 
energy if the two isomers given by the GVB wave function with four active orbitals in 
Table 2 show ∆E(GVB) 10.21 and 0.80 kcal/mol less than the ∆E[RCCSD(T)] and 
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∆E(HF) values respectively and is due to constraining the GVB active space to four 
electrons which correlate different lone pairs in each isomer. 
6.6. Conclusions  
 The inability of the nitrogen atom to form a recoupled pair bond with the oxygen 
lone pair in NO and the subsequent localization of the singly occupied orbital on the 
nitrogen atom indicates that HNO and FNO will be the preferred isomers in these species. 
In line with this, we find that these two isomers are 42.22 and 36.65 kcal/mol more stable 
than the NOH and NOF isomers, respectively. However, both NOH and NOF are bound, 
although the factors accounting for their stability are quite different. We found that the 
electronic structure of NOH is consistent with its formation from N(2D) + OH(X2Π) with 
two single bonds, one between NO and the other between OH. 
 The GVB calculations on NOF, on the other hand, showed the presence of an 
unusual “through-pair” interaction, with the electrons in the singly occupied 2p-like 
orbital on the fluorine atom and the singly occupied 2p-like orbital on the nitrogen atom 
being singlet coupled. This interaction is found to be very weak, 22.53 kcal/mol, with a 
long OF bond, 1.759 Å (MRCI+Q/AVQZ calculation). The NOF isomer has substantial 
diradical character, with the overlap of the two GVB orbitals being just 0.22. Although 
this is an unusual type of interaction, similar interactions are present in O3,23,24, the 
(CH3)2SF–F intermediate,26 and the SOCl molecule.25 
  Taken together with the previous chapter on NS, F(NS) and H(NS), these results 
demonstrate the differing and at times curious bonding patterns observed in the valence 
isoelectronic species X(NS) and X(NO), with X = H, F. As has been shown, these 
differences can be intuitively and straightforwardly explained by accounting for the 
! 145!
presence (or lack) of a recoupled pair π bond in NS (or NO). The combination of the 
generalized valence bond (GVB) theory and the recoupled pair bond model continues to 
show its utility in predicting and explaining the structure, energetics and other properties 
of a wide range of seemingly complex molecular systems. 
6.7 Figures 
 
!
Figure 6.1. Hartree-Fock (left) and GVB (right) orbital diagrams for the ground state of 
the oxygen atom. The two diagrams are identical for the ground state of the nitrogen 
atom. 
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Figure 6.2. GVB orbitals for the NO(X2Π) state as a function of internuclear separation, 
ΔR (ΔR = R – Re, Re =1.153Å). At ΔR = 1.1 Å, φ1, φ4, and φ7 represent the nitrogen 2pz, 
2px and 2py orbitals and φ2, φ3, φ5 and φ6 represent the oxygen 2pz, 2px and 2py– an 2py+ 
orbitals. Orbitals that are singlet coupled in ΘPP are divided into pairs by bold lines. Basis 
set: AVQZ. 
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Figure 6.3. GVB orbital overlaps corresponding to the orbital order in Figure 6.2. 
Energetically favorable lines are blue, while red lines indicate overlaps associated with 
Pauli repulsions. Basis set: AVQZ. 
 
!
Figure 6.4. The GVB orbital diagram for the NO(X2Π) state. Solid lines indicate singlet 
coupling in ΘPP and the yellow lobe the unpaired, singly-occupied orbital. 
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Figure 6.5. The GVB spin-coupling weights for the NO(X2Π) state corresponding to the 
orbital order in Figure 6.2. w14 is the perfect pairing weight, wPP. Basis set: AVQZ 
 
!
Figure 6.6. The GVB spin-coupling weights for the NO(X2Π) state corresponding to the 
‘recoupled’ orbital order, i.e., when φ5 and φ7 in Figure 6.2 are permuted. Basis set: 
AVQZ. 
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Figure 6.7.  GVB orbital diagram for NOF(X1A′). Solid lines connecting two lobes 
indicate singlet coupling in ΘPP. Dashed lines connecting yellow lobes represent the 
through-pair interaction. 
 
!
Figure 6.8. GVB orbitals for NOF(X1A′). Orbitals that are singlet coupled in the perfect 
pairing wave function are separated by a dashed line. Basis set: AVQZ. 
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Figure 6.9. GVB orbital diagram for FNO(X1A′). Solid lines connecting lobes indicate 
singlet coupling while the lobe divided by dashed lines represents the lone pair localized 
on the oxygen atom. 
 
!
Figure 6.10. GVB orbital diagram for NOH(X1A′). Solid lines connecting orbitals 
indicate singlet coupled pairs. The nitrogen lobe divided by dashed lines represents a 
nitrogen localized lone pair. 
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Figure 6.11. GVB orbitals of NOH(X1A′). Orbitals singlet coupled in the perfect pairing 
wave function are separated by a dashed line. Basis set: AVQZ. 
!  
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6.8 Tables 
Table 6.1. The fourteen linearly independent Kotani spin eigenfunctions associated with 
the seven electrons in the seven active orbitals of the NO(X2Π) state along with their 
spin-coupling weights, wk, at Re ordered according to the last-letter sequence notation. 
wk(Re) for φ5 ↔ φ7 indicates that orbitals 5 and 7 have been permuted in the calculation. 
The energy is not changed by this permutation, although the weights are. Basis set: 
AVQZ. 
 Spin  Eigenfunction 
 
wk(Re) 
wk(Re) 
φ5 ↔︎ φ7 
1 ααααβββ 0.000 0.000 
2 αααβαββ 0.002 0.007 
3 ααβααββ 0.001 0.004 
4 αβαααββ 0.007 0.010 
5 αααββαβ 0.000 0.002 
6 ααβαβαβ 0.000 0.001 
7 αβααβαβ 0.000 0.005 
8 ααββααβ 0.000 0.014 
9 αβαβααβ 0.014 0.605 
10 αααβββα 0.008 0.000 
11 ααβαββα 0.004 0.000 
12 αβααββα 0.008 0.001 
13 ααββαβα 0.021 0.007 
14(PP) αβαβαβα 0.935 0.344 
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Table 6.2. H(NO) and F(NO) calculated geometries and isomerization energies. Bond 
lengths are in Å, angles in degrees, and energies in kcal/mol. Positive ΔE values indicate 
that the isomer in the middle column is lowest in energy. HF/AVQZ and GVB/AVQZ 
values calculated at the RCCSD(T)/AVQZ equilibrium geometries.  
NOH(X1A′) HNO(X1A′)  ΔE(HON-ONH) 
ROH RON QHON RON RNH QONH  RCCSD(T)  GVB  HF 
0.987 1.266 110.4 1.211 1.054 108.1  42.22  32.01  32.81 
            
 NOF(X1A′)   FNO(X1A′)   FON-ONF 
ROF RON QFON RON RNF QONF  RCCSD(T)  GVB  HF 
1.797 1.104 114.3 1.134 1.514 110.0  36.65  35.78  54.12 
             
Table 6.3. Bond energies, De, for H(NO) and F(NO) (kcal/mol). Values are calculated 
with respect to the covalent ground state of each fragment and the ground state of the 
atom. Calculations: RCCSD(T)/AVQZ. 
Bond De  Bond De 
H–NO(X1A′) 53.19  HN–O(X1A′) 120.43 
NO–H(X1A′) 10.97  N–OH(X1A′) 53.94 
F–NO(X1A′) 62.08  FN–O(X1A′) 135.91 
NO–F(X1A′) 25.43  N–OF(X1A′) 123.86 
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Table 6.4 Diatomic ground state bond lengths, Re (Å), and dissociation energies, De 
(kcal/mol), from RCCSD(T)/AVQZ calculations. 
Molecule  Re  De 
NO(X2Π)  1.153  149.28 
OH(X2 Π )  0.971  113.93 
NH(X3Σ–)  1.037  82.04 
NF(X3 Σ –)  1.319  75.46 
OF(X2 Π )  1.353  50.85 
 
!  
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Chapter 7  
 
Through-pair Interaction in NOOH and Recoupled Pair 
Bond Dyad in NSOH 
 
7.1. Introduction 
 Advances in ab initio quantum chemical methods have greatly improved 
chemist’s ability to predict and explain molecular properties. The practice of constructing 
and refining molecular models endeavors to relate the chemistry of simple systems to 
those of greater complexity while simultaneously encompassing those that have long 
been considered exceptions. Shortcomings in our understanding of chemical structure, 
energetics and reactivity are evident, even in texts designed to introduce the most 
rudimentary aspects of the subject. For instance, the straightforward rationale used to 
describe standard covalent two-center, two-electron (2c-2e) bonds must be heavily 
supplemented with ad hoc assumptions and system-specific models (hybridization, bond 
orders, etc.) in order to account for the existence of hypervalent molecules, such as SF4 
and SF6, and the vastly different reactivities of valence isoelectronic species, such as O3 
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and SO2. Of added concern is the fact the rationale behind one molecular anomaly rarely 
provides an explanation for the next anomaly. 
 The work in previous chapters has focused on the utilization of generalized 
valence bond (GVB) theory to describe the electronic structure of molecules, including 
the nature of chemical bonding. We found that many aspects of the chemistry of 
compounds containing second row elements, such as the sulfur species above, can be 
understood by introducing a new type of bond—the recoupled pair bond,1 a two-center, 
three-electron bond—along with its counterpart—the recoupled pair bond dyad,2 a three-
center, four-electron bond pair. Introduction of these two new types of bonds has 
provided unprecedented new insights into the nature of transition states, reactive 
intermediates, and hypervalent molecules3-5 as well as the apparently anomalous behavior 
in valence isoelectronic species.6-8 In Chapter 6, another new type of bond was identified 
that results from a through-pair interaction. This type of interaction has a long history in 
chemistry (see Hoffmann9). In past studies9-13, it has been invoked to explain the impact 
of such through-bond interactions on, for example, the photoelectron spectra and singlet-
triplet splitting of bound species. We will provide further evidence that molecules can, in 
fact, be bound as a result of such interactions, although the binding is weak. Here, we 
provide examples of both of these types of interactions in a closely related pair on 
molecules: NOOH and NSOH. 
 HONO, nitrous acid, is a well-known and well-characterized molecule. In a recent 
article, Crabtree and coworkers14 reported the rotational spectrum of an isomer of nitrous 
acid, trans-NOOH, the first experimental observation of this molecule. They found that 
trans-NOOH has an unusually long NO–OH bond length with an experimentally 
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determined value in excess of 1.9 Å, substantially longer than the O–O single bond in 
HO–OH, Re = 1.45 Å (see Table 7.1). To further confound the mystery, this is not the 
case for the sulfur-substituted analogue, trans-NSOH, which has an NS–OH bond length 
of Re = 1.67Å, which is the same as that of the single bond in HS–OH. Additionally, the 
NO–OH and HO–OH bond energies, De = 6.415 and 53.8 kcal/mol respectively, are 
dramatically different than that of NS–OH and HS–OH, which are 66.8 and 73.4 
kcal/mol, respectively. Thus, NOOH is the latest addition to the list of outliers whose 
structure and energetics make it difficult to account for within the traditional framework 
of chemical bonding. The YX–OH (X = O, S and Y = H, N) bond lengths and 
dissociation energies are listed in Table 7.1. 
 The contrasting bond lengths and strengths in NOOH and NSOH, although 
surprising, can be easily explained by GVB theory. In a recent set of papers we compared 
the 2c-3e interaction in the π system of NO and NS. It was shown that the sulfur 3p lone 
pair formed a recoupled pair (2c-3e) π bond with the incoming singly occupied nitrogen 
2pπ orbital while the oxygen lone pair did not. The net result of the formation of the 
recoupled pair bond in NS is that the singly occupied π orbital is localized on the sulfur 
atom in NS, in contrast to NO where it is localized on the nitrogen atom. The presence of 
the recoupled pair bond in NS and its absence in NO influences the resulting NX–F 
addition pathways (X = O, S), with NSF being the preferred isomer in F + NS and FNO 
being the preferred isomer in F + NO. The NS–F and NO–F bond lengths and strengths 
along with the values of the corresponding covalent counter parts are also listed in Table 
7.1. As seen there, the NO–F bond is substantially longer and weaker than its sulfur-
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substituted analogue, a fact that we attributed to the formation of a weak NO–F bond via 
a through-pair interaction. 
 In this chapter we will show how the structure and energetics of NOOH can be 
explained using generalized valence bond (GVB) theory,16,17 We find that the unusual 
geometry of NOOH is, once again, the result of a through-pair interaction. Although this 
is a new type of interaction, we have found counterparts in many other molecules, such as 
NOF,18 SOCl,19 O320,21, and the (CH3)2SF–F22 intermediate formed in the (CH3)2S + F2 
reaction. It might be consider surprising to chemists that, nearly one hundred years after 
the formal introduction of the covalent bond, we are still discovering new types of bonds, 
but this is an example of the current power of computational chemistry to assist both in 
the refinement and extension of current molecular theories as well as in the prediction of 
experimental results. 
7.2. Computational Methods 
 All calculations were performed with the Molpro suite of computational 
chemistry programs.23 Single-reference restricted singles and doubles coupled cluster 
theory24-27 with perturbative triples, CCSD(T) was used to calculate structures and 
dissociation energies reported herein. For reasons discussed below optimized NOOH 
structures and energies were also calculated using the multireference configuration 
interaction28 (MRCI) method with the quadruples (+Q) correction29, based on a full 
valence complete active space30 (CASSCF) reference function. GVB calculations were 
performed using the CASVB methodology of Thorsteinnson and Cooper31-33 
implemented in Molpro. All, GVB calculations used the Kotani spin basis34 where the 
spin eigenfunctions are constructed to be orthogonal. Thus, the square the spin-coupling 
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coeffieicnt, wi = cS ,M ;i( )2 , represents the contribution of a particular spin coupling to the 
GVB wave function. Augmented correlation consistent basis sets of quadruple zeta 
quality (aug-cc-pVQZ) were used for hydrogen, oxygen, fluorine and nitrogen35,36 and 
the corresponding d-function augmented sets [aug-cc-pV(Q+d)Z] were used for sulfur37. 
The general notation AVQZ will be used to represent these basis sets.  
 Unlike the formation of covalent bonds, which can be formed between all atoms 
and molecular fragments possessing singly occupied orbitals, recoupled pair bonds are 
conditional—they will only be formed with the right combination of central atom and 
ligand. GVB theory predicts the conditions under which an atom’s lone pair electrons 
participate in recoupled pair bond formation. To summarize, formation of a recoupled 
pair bond is a 2c-3e process that requires a trade-off between the energy gained by 
forming the bond and the Pauli repulsion between the electron in the unpaired orbital and 
the bond pair. Strong recoupled pair bonds, which are still weak by chemical standards, 
are only formed if the electronegativity of the central atom is low and that of the ligand is 
high. This maximizes the separation between the electron in the unpaired orbital and 
those in the bond pair, minimizing the Pauli repulsion. This simple rule is the basis for 
the differences in the structures and energetics of NOOH and NSOH because it suggests 
that sulfur can form strong recoupled pair bonds whereas oxygen cannot. In the following 
sections we describe the GVB representation of atoms, the nature the lone pairs in these 
atoms, and the atom addition process used to explain the electronic structures of NOOH 
and NSOH. 
 
 
! 162!
7.3. GVB Representations of Atoms 
 The atomic orbital (AO) diagrams for the nitrogen, oxygen and sulfur atoms are 
shown in Figure 7.1 where the lobes represent the px and pz orbitals and the circle the out 
of plane py orbital. Dots in the lobes denote the orbital occupation and shaded lobes of the 
same color indicate that the electrons occupying these lobes are high spin coupled, e.g., 
αα. For simplicity, the doubly occupied core orbitals in addition to the valence s2 orbitals 
are not included in the diagram but are included in all calculations. 
 The active GVB orbitals in these three atoms are all singly occupied, even the 
orbitals representing the lone pair, which in MO theory would be described by a doubly 
occupied orbital. That is, in the GVB wavefunction lone pairs are composed of two 
nonorthogonal (overlapping) GVB lobe orbitals (e.g., px- and px+). The singly occupied 
atomic orbitals are equivalent to their AO counterparts as they are singly occupied in both 
the AO and GVB representations. The atomic and GVB orbitals representing the oxygen 
and sulfur px lone pairs are shown in Figure 7.2. Comparing the oxygen and sulfur GVB 
lobe orbitals, ϕO2px− ,ϕO2px+( )  and ϕS3px− ,ϕS3px+( ) , it is clear that the oxygen and sulfur 
lone pairs are described quite differently in the GVB wavefunctions. We classify the 
oxygen lone pair as radially or “in-out” correlated with ϕO2px– being contracted and ϕO2px+  
being more diffuse, and the sulfur pair as angularly or “left-right” correlated with each 
lobe orbital polarized to either side of the nucleus. The visual distinction between the 
oxygen and sulfur atom lone pairs is striking and makes it immediately obvious that the 
interactions of these two lone pairs with an electron in a singly occupied orbital, i.e., 
ligand addition to a lone pair, will also be quite different. 
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 In line with this, the potential for the formation of recoupled pair bonds has been 
found to be closely related to the way in which the lone pair electrons are described. In 
previous chapters it was shown that the electrons in the left-right correlated sulfur pair are 
capable of forming strong recoupled pair bonds with an electron in an unpaired orbital on 
an very electronegative ligand. The ability of atoms like the sulfur atom engage in bond 
formation using the electrons in a lone pair results in a number of unique molecular 
formation pathways.3,5,38 In general, the radially correlated oxygen 2p2 electrons are far 
less reactive than their angularly correlated counterparts and only very weak recoupled 
pair bonds are formed with highly electronegative ligands,18,39,40 e.g. fluorine. 
 The GVB orbitals’ spatial description and electron coupling patterns can be 
represented in a compact form using GVB orbital diagrams. The oxygen and sulfur 
atoms’ GVB orbital diagrams are shown in Figure 7.3. (Again, the O2s2 and S3s2 orbitals 
have been excluded from the diagrams for simplicity, but are, of course, included and 
optimized in all calculations.) The oxygen GVB orbital diagram consists of four GVB 
lobes two of which are shaded yellow and are similar to those in the AO oxygen diagram 
in Figure 7.1. The oxygen lone pair is depicted as two concentric lobes that represent the 
in-out correlated GVB orbitals ϕO2px− ,ϕO2px+( )  in Figure 7.2.  A solid line connecting the 
lobes denotes that the electrons in these two lobes are singlet coupled. The electrons in 
the yellow lobes are high spin coupled to yield a net triplet as appropriate for the ground 
state of the oxygen atom. The sulfur GVB orbital diagram differs only in the 
representation of the atomic lone pair that is now depicted as a p-type lobe divided by a 
dashed line with one dot in each division. This denotes the left-right correlation of the 
electrons in the sulfur lone pair. The nitrogen atom diagram is equivalent to the AO 
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diagram since it does not contain any p-type lone pairs. The GVB orbital diagrams 
contain the information provided by the AO diagrams and supply further detail into the 
character of atom’s lone pair. 
7.4. Formation of NO and NS  
 The GVB orbital diagrams introduced in the previous section can be used to 
represent molecular formation and to predict the dominant spin coupling pattern. Figure 
7.4 shows the diagrams depicting the formation of NY(X2Π) from N(4S) + Y(3P) for Y = 
O, S. The behavior of the GVB wavefunction as a function of R(N-Y) has been described 
in detail in Chapters 5 and 6 here we summarize the key points as they are necessary to 
understand the electronic structure of NOOH and NSOH.  
At long separation the GVB wavefunction of NY describes the two ground state atomic 
fragments, N(4S) + Y(3P). At this limit, the orbitals shaded the same color are high spin 
coupled, with the spins of the electrons on the two fragments being coupled together to 
give the ground state of NY, a 2Π state. This is shown diagrammatically at the top of 
Figure 7.4. As the internuclear distance decreases the singly occupied orbitals along the 
z-axis become singlet coupled and, at Re, they constitute the NO and NS σ bonds. At the 
same time the singly occupied N2py orbital forms a πy bond with the singly occupied 
O2py/S3py orbital. Solid lines connecting these two orbitals in Figure 7.4 represent these 
bonds. 
 The πx systems in NO and NS represent 2c-3e interactions and at the equilibrium 
geometry result in the two coupling patterns at the bottom of Figure 7.4. The GVB orbital 
diagrams indicate that at Re the singly occupied orbital in NO, ϕ3 , remains largely 
localized on the N atom with the O2px lone pair ϕ1,ϕ2( )  being singlet coupled. (At Re the 
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orbitals are no longer labeled according to their atomic parentage to indicate that the 
orbitals have been optimized to enable them to respond to molecular formation, e.g. by 
delocalizing into the bonding region. However, as we shall see, there atomic parentage is 
clearly evident.) On the other hand in NS the orbital localized on N, ϕ1 , is now singlet 
coupled to ϕ2  (ϕS3px−  at R = ∞) forming a recoupled pair bond. Now, the unpaired 
electron in ϕ3  resides on the S atom. This is in line with our prediction that the left-right 
correlated sulfur lone pair can participate in recoupled pair bond formation while the in-
out correlated oxygen lone pair is rarely recoupled. 
 The full GVB wave function for a system of seven electrons in seven active 
orbitals with a spin quantum number S = 12  contains 14 linearly independent spin 
eigenfunctions. Each of the 14 spin eigenfunctions corresponds to a different way in 
which the 7 active electrons may be coupled to obtain a net doublet and is associated with 
a spin-coupling coefficient, ci , in the GVB wavefunction.  The spin-coupling coefficients 
are variationally optimized during the calculation and provide additional insights into the 
bonding in NY. Of particular interest is the coefficient perfect pairing spin function, cPP , 
which couples the electron spins according to the diagrams at the bottom of Figure 7.4. 
The spin-coupling weight for NO is wPP = cPP2 = 0.94, which indicates that this molecule is 
well described by a σ and πy bond, a πx lone pair largely localized on the oxygen atom, 
and a singly occupied πx orbital largely localized on the nitrogen atom. In NS, on the 
other hand, wPP = 0.79 indicating that the bonding in NS is more complicated. As we 
have shown in Chapter 5 NS has a well defined σ bond, but the electronic structure of the 
(πx, πy) system is not so easily described, a consequence of the presence of the recoupled 
pair bond. Nonetheless, even in this case, the GVB diagram provides a reasonable 
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representation of the electronic structure of the molecule and the NS molecule can be 
loosely described as having one σ bond, two π bonds (one of which is a recoupled pair πx 
bond) and a singly occupied orbital resulting from the recoupling process largely 
localized on the sulfur atom 
7.5. Recoupled Pair Bond Dyad in NSOH  
 In general, the overlap of singlet coupled GVB orbitals is energetically favorable 
as first observed by Heitler and London41 However, in the πx system the presence of the 
third electron in an unpaired orbital gives rise to Pauli repulsion, with the magnitude of 
the repulsion being roughly related to the magnitude of the overlap of the unpaired orbital 
with the orbitals making up the recoupled pair bond. For the orbitals in the πx system in 
NS, |S13| = 0.12 and |S23| = 0.63,40 with the latter overlap being particularly unfavorable. 
(Unfavorable GVB orbital overlaps are the GVB counterpart of antibonding character in 
MO theory.) Thus, bond formation with a very electronegative ligand, in this case the OH 
radical, will help stabilize the molecule as this will pull ϕ3  away from the recoupled pair 
πx bond and reduce the unfavorable overlaps. The polar covalent bond in the recoupled 
pair bond dyad is often very strong, even stronger than a comparable polar covalent bond. 
As a result, recoupled pair bond dyads can be very stable with the resulting energy being 
only a few tens of kcal/mol weaker than the sum of two polar covalent bonds.2 
 The GVB orbital diagram for NSOH is shown in Figure 7.5 and the corresponding 
four singly occupied active, ϕi{ } , and seven doubly occupied valence, φi{ } , GVB 
orbitals are plotted in Figure 7.6. For clarity the active orbitals in Figures 7.4, 7.5 and 7.6 
have the same labeling scheme. The four orbitals involved in the recoupled pair bond 
dyad are represented by four singly occupied active GVB orbitals. The orbital pair 
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ϕ1,ϕ2( )  represents the NS recoupled pair bond in Figure 4 and ϕ3,ϕ4( )  the newly 
formed S–OH polar covalent bond. As expected, addition of OH to NS results in ϕ3  
localizing in the NS−OH bonding region reducing the energetically unfavorable overlaps 
to |S13| =  0.08 and |S23| = 0.14 in NSOH. As a result, the NS−OH bond is the same length 
as the HS−OH bond at 1.671 Å. The bond dissociation energy is 66.82 kcal/mol, which is 
21.06 kcal/mol weaker [RCCSD(T)/AVQZ] than in HS–OH, which is likely due to bond 
pair repulsion with the NS recoupled pair bond. Additionally, the N–SOH bond length is 
1.454 Å, 0.043 Å shorter than the ground state NS bond length. Shortening of recoupled 
pair bonds after recoupled pair bond dyad formation is common and the result of reduced 
Pauli repulsion. 
 The seven doubly occupied valence GVB orbitals at the bottom of Figure 7.6 are 
interpreted as follows: (i) φ1  is the out-of-plane oxygen-type lone pair, (ii) φ2  the out-of-
plane NS π bond represented as two orbitals connected by a solid line in Figure 5, (iii) φ3
, φ4  and φ5  the three s-type lone pairs, and (iv) φ6  and φ7 the NS and OH σ bonds.  
7.6 Through-pair Interaction in NOOH  
 The two GVB orbital diagrams in Figure 7.4 show that the lone pair on the 
oxygen atom, ϕ1,ϕ2( ) , remains singlet coupled and largely localized on the O atom as a 
function of R, although there the more diffuse lone pair orbital does delocalize onto the 
nitrogen atom. Hence, a recoupled pair bond is not formed. The lack of recoupled pair 
bond formation results in the unpaired orbital, ϕ3 , being localized on N. (Again, the 
orbitals have adapted in response to molecular formation but their atomic parentage 
remains clear, see Figure 6.2.) The localization of the unpaired orbital on the nitrogen 
atom in combination with singlet pairing of the electrons in the oxygen lone pair orbitals, 
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(ϕ1 , ϕ2 ) make ligand addition to the oxygen atom of NO seem highly unlikely. Yet, 
NOOH is bound, if only marginally so! 
 To better understand the nature of the bonding in NOOH, we carried out GVB 
calculations on the molecule at the equilibrium geometry predicted by the MRCI+Q 
calculations. The GVB orbital diagram depicting the dominant NOOH spin-coupling 
pattern is shown in Figure 7.7. With wPP = 0.97, the bonds as shown in Figure 7.7 is an 
accurate representation of the GVB wavefunction. The corresponding active and doubly 
occupied valence core GVB orbitals are shown in Figure 7.8. The orbital labels in Figures 
7.4, 7.7 and 7.8 are consistent.  The orbital labeling scheme for the set of doubly 
occupied valence orbitals in NOOH is the same as NSOH in Figure 7.6. These orbitals 
are qualitatively very similar and provide further evidence that the contrasting geometries 
and electronic structures of NOOH and NSOH are in large part due to the interaction of 
the electrons in the four active GVB orbitals.  
 As a result of OH addition to NO, the most diffuse oxygen lone pair orbital, ϕ2 , 
has delocalized onto the neighboring nuclei but the lone pair orbitals, ϕ1,ϕ2( ) , remain 
predominantly singlet coupled and the in-out correlation of these electrons is still evident. 
Delocalization of ϕ2  is likely an attempt to reduce this orbital’s overlap with the singlet-
coupled pair ϕ3,ϕ4( )  as this overlap leads to Pauli repulsion between the three electrons. 
The newly formed singlet-coupled pair, ϕ3,ϕ4( ) , is denoted by a red line in Figure 7.7 
drawn from ϕ4  to ϕ3  through the lone pair, ϕ1,ϕ2( ) , to reflect singlet coupling of 
orbitals ϕ3 and ϕ4  in the GVB wavefunction. The newly formed singlet coupled pair is 
the result of the orbitals ϕ3  and ϕ4  delocalizing onto the nitrogen bound oxygen. As 
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expected, the overlap of these two orbitals is quite small, but far from zero, S34 = 0.19. 
This is the same type of bond that we found in NOF and arises from a through-pair 
interaction. 
 We have yet to fully define the details of this type of interaction and are not sure 
how widespread this type of bond is. However, our group has found through-pair 
interactions in several other systems18,21,22 and, in each case, the presence of the through-
pair interaction explained the apparent anomalous features of these systems. For example, 
NOF, which would be expected to be closely related to NOOH, has a calculated NO–F 
bond distance of 1.797 Å with a bond strength of just 25.43 kcal/mol. In NOF, the 
overlap of the two orbitals involved in the through-pair interaction is 0.22. So, both 
molecules exhibit through-pair interactions. For comparison, comparable calculations on 
the ground state of OF yield a bond length of 1.353 Å and a bond strength of 50.85 
kcal/mol. We also found this type of interaction in SOCl, although the inner pair in this 
case was the bonding pair from a recoupled pair bond and the outer pair was involved the 
singly occupied 3p orbital of Cl and 3p– orbital of sulfur left over from formation of the 
recoupled pair bond.19 In this case the binding was vanishingly small, but still this 
interaction had a profound effect on the potential energy surface. 
 As a consequence of the through-pair interaction NOOH has a weak and long 
NO–OH bond: Re = 1.901 Å and De = 6.50 kcal/mol at the RCCSD(T)/AVQZ level of 
theory. The calculated bond length is in good agreement with the experimental value of 
1.9149 Å.14 However, the low overlap of orbitals ϕ3  and ϕ4  is an indication that NOOH 
contains a non-negligible degree of biradical character similar to that in NOF18 and O3,21 
two other systems where we have found through-pair interactions. 
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 Due to the biradical character in the NOOH isomer, MRCI+Q/AVQZ calculations 
were performed to assess the accuracy of the RCCSD(T) results. The MRCI+Q/AVQZ 
bonds lengths were found to be R(NO–OH) = 1.896 Å and R(N–OOH) = 1.132 Å, which 
are in reasonable agreement with both the experimental and RCCSD(T) results. The NO–
OH MRCI+Q/AVQZ dissociation energy is 7.41 kcal/mol, or 0.91 kcal/mol larger than 
the RCCSD(T)/AVQZ value. Of some interest is the fact that the R(N–OOH) bond is 
0.21 Å shorter than the NO(2Π) bond, another manifestation of the through-pair 
interaction. In NO, the overlaps of the singly occupied orbital on the nitrogen atom with 
the oxygen lone pair orbitals, which result in Pauli repulsions, are |S13| = 0.27 and |S23| = 
0.62. In NOOH, the same overlaps have been reduced to 0.24 and 0.53, respectively. This 
reduction should strengthen the N–OOH bond. 
7.7. Conclusions 
 Knowledge of the GVB description of atomic lone pairs coupled with a 
knowledge of the factors that limit the participation of these lone pairs in bond formation 
is essential to understanding much of the anomalous chemistry of the late p-block 
elements. We have shown that GVB theory combined with an atom-by-atom approach 
sheds new light on the trends in bond lengths and dissociation energies listed in Table 
7.1. This work, combined with the experimental observation of the NOOH isomer, 
demonstrates that through-pair interactions can lead to the formation of stable molecules, 
although such species are only weekly bound. It is not known how prevalent through-pair 
interactions are in chemistry, but they have been found in calculations on a few other 
molecules, including NOF, SOCl and even in the (CH3)2SF–F intermediate in the 
(CH3)2S + F2 reaction. Finally, because GVB theory, in its simplest form, predicts the 
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potential for atoms to participate in 2c-2e, 2c-3e and 3c-4e interactions the principles 
applied in this work are readily transferrable to a wide range of chemical systems. 
7.8 Figures 
 
 
Figure 7.1. Atomic orbital diagrams for the ground state nitrogen, oxygen and sulfur 
atoms. Shaded orbitals of the same color denote high-spin coupling of their electrons. 
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Figure 7.2. Ground state sulfur and oxygen atomic and GVB valence p orbital lone pairs. 
Basis set: AVQZ. 
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Figure 7.3. Ground state oxygen and sulfur atom GVB orbital diagrams. Electrons in 
shaded orbitals are high spin coupled and singlet coupled pairs are connected by solid 
lines. 
 
 
Figure 7.4. GVB orbital diagrams describing the X2Π state of NO at the atomic limit 
(top) and equilibrium distance (bottom). Orbitals shaded yellow indicate high-spin 
coupling of the electrons in the atomic fragments (top) and molecule (bottom). 
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Figure 7.5. NSOH GVB orbital diagram representing the dominant spin-coupling pattern 
in the GVB wavefunction.  
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Figure 7.6. HOSN singly occupied active and doubly occupied valence GVB orbiatls. 
Basis: AVQZ. 
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!
Figure 7.7. NOOH (X1A') GVB orbital diagram. Orbitals participating in the through-
pair interaction are shaded green and connected by green lines. 
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Figure 7.8. NOOH (X1A') GVB orbitals. Singlet coupled pairs are separated by dashed 
lines. Basis aug-cc-pVQZ. 
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7.9 Tables 
Table 7.1. Equilibrium HO-XY (X = O, S and Y = H, N) bond lengths (angstroms) and 
dissociation energies (kcal/mol). Calculations: RCCSD(T)/[H, N, O, F: aug-cc-pVQZ; S: 
aug-cc-pV(Q+d)Z]. 
Molecule  Re  De 
trans-NO–OH  1.9a  6.41a 
HO–OH  1.45d  53.80d 
     
NO–F  1.80b  25.43b 
O–F  1.35b  50.85b 
     
trans-NS–OH  1.67d  66.82d 
HS–OH  1.67d  87.88d 
     
NS–F  1.65c  73.37c 
S–F  1.60c  83.32c 
aRef 15 
bRef 18 
cRef 40 
dTakeshita, T. Y.; Dunning, T. H., Jr., unpublished  
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Chapter 8  
 
Insights into the Electronic Structure of Ozone and Sulfur 
Dioxide from Generalized Valence Bond Theory: Bonding 
in O3 and SO2 
 
8.1 Introduction 
 There are major differences in both the energetics and reactivities of the ozone 
and sulfur dioxide molecules. For example, O3 has longer and weaker bonds than O2, 
1.278 Å versus 1.207 Å and 118 kcal/mol versus 70 kcal/mol,1,2 whereas SO2 has shorter 
and stronger bonds than SO, 1.432 Å versus 1.493 Å and 125 kcal/mol versus 127 
kcal/mol.1,2 In addition, the O–O2 bond is dramatically weaker than the O–SO bond, 23.1 
kcal/mol versus 129.4 kcal/mol,2 and the singlet-triplet gap in SO2 is more than two times 
that in O3, 73.2 kcal/mol versus 34.3 kcal/mol.3 Finally, O3 is a very reactive species, 
while SO2 is far less so. For example, O3 reacts rapidly with carbon-carbon multiple 
bonds, but SO2 is totally unreactive.3 The first two points will be investigated in this 
chapter, and the third will be investigated in a following paper where we consider the 
addition of hydrogen atoms to O3 and SO2. 
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 The underlying rationale for the above discrepancies is not unanimously agreed 
upon. The divergent properties of O3 and SO2 suggest different bonding motifs between 
the two molecules. However, why this should be is not immediately obvious given that 
they are isoelectronic species. While the SO bonds in SO2 are often depicted in general 
chemistry textbooks as double bonds on the basis of their length and strength,4 the 
bonding scheme that would give rise to this pattern is unclear, as the d-orbitals of the 
sulfur atom are too high in energy to meaningfully participate in bonding in SO2.4 To 
address this dilemma, various studies comparing the electronic structure of O3 and SO2 
using both molecular orbital (MO) and valence bond (VB) theory have been carried out.5-
12 Generally (but not always7), the unusual reactivity of O3 relative to SO2, as well as the 
difference in the singlet to triplet gap, is attributed to the diradical character of O3 in 
contrast with the closed-shell nature of SO2. Recently, Glezakou and coworkers 
examined the electronic structure of various sulfur-oxygen triatomic molecules.6 Their 
analysis supported this conventional wisdom, with ozone containing a non-negligible 
degree of diradical character while SO2 was overwhelmingly closed shell. Moreover, 
Miliordos and Xantheas13 recently showed that the degree of diradical character from 
their calculations correlated very well with molecular properties (bond lengths and 
energetics). But, why are these two valence isoelectronic species so different with respect 
to this important molecular property? 
 The previous theoretical studies of O3 and SO2 focused mainly on the electronic 
structure of the molecules near their equilibrium geometries, with the exception of Ref. 
13, which reported multi-state potential energy scans for a variety of triatomic sulfur-
oxide molecules. In the current study we analyze the bonding in both O3 and SO2 over a 
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range of geometries describing formation of the O′–XO (X = O, S) bond using the 
generalized valence bond (GVB) method.14,15 The GVB wave function enables us to 
explicitly connect the electronic structure of the parent diatomic molecule (O2 or SO) and 
the incoming O atom to that of the triatomic molecule (O3, SO2). In a recent article16 we 
used a similar strategy to show that the π systems in the HSO and SO2 molecules, but not 
in SOH and SOO, possess recoupled pair bonds17,18. This finding provided a 
straightforward explanation for the remarkable differences in the geometries and 
energetics of these molecules, e.g., the weaker SO bond strength and longer SO bond 
distance in SOH versus HSO. These calculations showed that SO2 has a double bonded 
structure, while its structural isomer, SOO, does not. The double bond character of the 
SO bonds arises from the ability of the sulfur atom, but not the oxygen atom, to form 
recoupled pair π bonds.16,19,20 This allows sulfur to formally “expand its octet” without 
invoking 3d atomic orbitals as valence orbitals. 
 The remainder of the chapter is organized as follows. The computational 
methodology used in this work is described in Section 8.2. In Section 8.3, we discuss the 
differences in the bonding motif of the ground states (1A1) of O3 and SO2 by adding an O 
atom to the ground states (3Σ–) of O2 and SO. This is followed by an analysis of the 
impact of the two bonding motifs on the singlet-triplet (1A1→3B2) gap. We conclude in 
Section 8.4. 
8.2 Computational Considerations 
 All calculations were performed with the Molpro suite of quantum chemical 
programs.21 The augmented correlation consistent basis set of quadruple zeta quality 
(aug-cc-pVQZ) was used for oxygen22; for sulfur the d-augmented quadruple zeta set,23,24 
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aug-cc-pV(Q+d)Z, was used. Coupled cluster theory with perturbative triples25-28 
[CCSD(T) and RCCSD(T)] was used to optimize geometries and calculate bond energies. 
The potential energy scans for O + XO → XO2 (X = O, S) were computed with multi-
reference configuration interaction29,30 wave functions with the Davidson correction31,32 
[MRCI+Q] using the same active space as used for the GVB calculations at Re as 
described in Section III (four a′-symmetric orbitals and four a′′-symmetric orbitals). For 
each point in the scan, all other geometric parameters were optimized with the MRCI+Q 
wave function using the aug-cc-pVTZ (oxygen) and aug-cc-pV(T+d)Z (sulfur) basis 
sets.22-24 The general notation AVTZ and AVQZ will be used to denote these basis sets. 
 The GVB calculations were performed with the fully variational CASVB program 
written by Cooper, Thorsteinsson and coworkers33-35 with the Kotani spin basis.36 (The 
full GVB wave function and the spin-coupled valence bond (SCVB) wave function37,38 
are identical.) In general, the only constraint placed on the wave function was that 
orbitals of different symmetries (a′, a′′) were forced to be orthogonal. For the calculations 
on O3(3B2), the orbitals localized on the terminal oxygen atoms were optimized 
sequentially until self-consistency was reached to allow them to retain their atomic-like 
character rather than mixing to become orthogonal bonding and anti-bonding 
combinations. This procedure resulted in a GVB energy that was energetically equivalent 
(within 0.01 kcal/mol) to the unconstrained GVB calculation.   
8.3. Results and Discussion 
 One of the most peculiar differences between ozone and sulfur dioxide is the 
trend in the bond lengths and strengths when compared to their parent diatomic species. 
In O3, the O−O bonds are much weaker and longer than in O2, but in SO2, the S−O bonds 
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are shorter and stronger than in SO. In order to understand this observation, as well as the 
weakness of the O–O2 bond relative to the O–SO bond, we examined the two addition 
pathways: O(3P) + O2(3Σ−) → O3(1A1) and O(3P) + SO(3Σ−) → SO2(1A1). 
 Both O2 and SO contain a covalent σ bond. However, their calculated bond 
lengths (1.208 Å and 1.486 Å) and bond strengths (118.0 and 123.2 kcal/mol) are much 
shorter and stronger than would be expected for a single bond. The delocalization of the 
doubly occupied π orbitals coupled with the favorable triplet coupling between the 
electrons in the singly occupied π orbitals in O2 and SO have been invoked to account for 
the very strong bonds in O2(3Σ−) and SO(3Σ−). For reference, with the same computational 
methodology, the bond lengths of HOOH and HSOH, in which these effects are missing, 
are 1.453 Å and 1.667 Å, respectively, and the corresponding bond energies are 53.8 
kcal/mol and 73.4 kcal/mol, RCCSD(T)/AVQZ. 
 We will show that the propensity of the S(3p–, 3p+) lone pair lobe orbitals to form 
a recoupled pair bond and the resulting attributes of the singly occupied π (a″) orbitals of 
SO, but not of O2, to form recoupled pair bond dyads is responsible for the remarkable 
variations in the bond lengths and strengths in the triatomic molecules. The Hartree-Fock 
(HF) and GVB orbital diagrams for O and S along with the GVB orbitals for the O and S 
p2 lone pairs are shown in Figure 8.1. In a previous paper, we demonstrated the presence 
of a (veiled) recoupled pair π bond in SO:16 as the sulfur and oxygen atoms approach one 
another, the electron in the incoming singly occupied O2p1 π orbital forms a π bond with 
an electron from the S(3p–, 3p+) lone pair, leaving an unpaired electron in an orbital 
largely localized on the sulfur atom, i.e. a recoupled pair π bond. However, the 
orthogonal π system, which has an unpaired electron in a S3p1 orbital, does not form a 
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recoupled pair π bond with the O(2p–, 2p+) lone pair, leaving the O2p-like lone pair 
singlet coupled and the singly occupied S3p-like orbital largely localized on sulfur. This 
bonding scheme is depicted in the GVB orbital diagram for the SO(3Σ−) fragment in 
Figure 8.2a for the O′ + SO pathway with the orange-shaded orbitals on the sulfur atom 
being triplet coupled. As can be seen, the coupling pattern of the GVB lobe orbitals on 
the sulfur atom in SO has changed significantly compared to that in Figure 8.1a—in the S 
atom the S(3px–, 3px+) orbitals are singlet coupled, but in the SO molecule the S3p–(a″)-
like orbital is triplet coupled with the sulfur 3p(a′)-like orbital in the molecular plane. In 
the previous studies, we found that the presence or absence of this recoupled pair π bond 
explained the large variations in S−O bond strength and length in both the HSO/SOH and 
OSO/SOO isomers. In the following sections, we will show in detail how the π orbitals of 
SO are modified by formation of SO2, and then we will analyze O2 and O3 in a similar 
way. 
8.3.1. O′ + SO → SO2  
 In the SO(3Σ−) state, the net result of the recoupled pair π bond is that both singly 
occupied orbitals are centered on the sulfur atom. This orbital configuration enables the 
incoming oxygen atom to form a π bond as well as a σ bond with the S atom in the SO 
molecule. In Figure 8.3, the GVB orbitals for the O′(3P) + SO(3Σ–) addition are plotted as 
a function of ΔR = R(O′–SO) – Re(SO2); Re(SO2) = 1.445 Å. The GVB orbitals in Figure 
8.2b and 8.3 are labeled consistently for clarity. Only the O′-S σ bonding orbitals, (φ1, 
φ2), and the S-O and O′-S π orbitals, (φ5, φ6) and (φ3, φ4), are plotted. At large distances, 
ΔR(O′–SO) = 1.6 Å, the GVB orbitals of a″(π) symmetry describe an SO bond pair 
involving the S3p+-like sulfur lobe orbital (φ4) and an O2p1-like orbital (φ3), with φ4 
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polarized towards and delocalized onto the oxygen atom, resulting in a very polar π bond. 
The remaining GVB a″ orbitals correspond to the S3p–-like sulfur lobe orbital (φ5) and 
the incoming O′2p1 orbital (φ6). The spin function that singlet couples the SO π bond pair 
(φ3, φ4) and triplet couples the two orbitals remaining on the SO fragment (φ2, φ5) as well 
as those on the O′ atom (φ1, φ6) constituents 96.3% of the wave function. This is shown 
in Figure 2a and essentially describes the O(3P) and SO(3Σ−) fragments. (The orbital 
labeling scheme in Figure 8.2a and 8.2b are identical.) This coupling pattern can be 
schematically written as αβααββ when the GVB orbitals in Figure 8.3 are ordered in the 
sequence (φ3, φ4, φ2, φ5, φ1, φ6) in the GVB orbital product. In the SO2 molecule (Figure 
8.2b), the dominant spin function is the perfect pairing (PP) spin function, αβαβαβ, with 
the orbital ordering (φ1, φ2, φ3, φ4, φ5, φ6). As R(O′–SO) decreases, the weight of the 
αβααββ configuration decreases and that for the PP coupling grows; see Figure 8.4. The 
PP spin function accounts for 93.9% of the wave function at Re. The switch in the 
dominant spin function reflects the transition from the diatomic fragments to the bonded 
SO2 molecule; i.e., changing from the coupling pattern in Figure 8.2a to that in Figure 
8.2b. Note that these two spin functions are not orthogonal because of the different 
ordering of the orbitals and, therefore, the sum of the squares of their coefficients do not 
sum to unity. However, the GVB energy is unaffected by any permutation of the spatial 
orbitals as long as all of the spin functions are included in the calculations (as is done 
here). 
 As the SO2 molecule forms, the GVB orbitals, as well as the spin coupling 
coefficients, change in response to the approach of the O′ atom. In Figure 8.3, dashed 
lines separate the orbitals that are singlet coupled in the PP wave function (even if they 
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are not predominantly singlet coupled at the given ΔR). All six orbitals are included in 
the active space and, at Re, where the SO bond lengths are equivalent, both σ bond pairs 
are included. At large internuclear distances, the orbitals of the SO fragment are not 
significantly perturbed by the presence of the O′ atom and the orbitals in Figure 8.3 at ΔR 
= 1.6 Å are essentially the orbitals of O(3P), (φ1, φ6), and SO(3Σ−), (φ2, φ3, φ4, φ5). In 
SO(3Σ−), φ2 and φ5 would be equivalent by symmetry, though they are slightly different in 
this calculation due to the choice of active space. At ΔR = 1.6 Å, φ2 has antibonding 
character because it is orthogonal to the doubly occupied 2pa′ lone pair on O, ϕv1, in 
Figure 8.2. By contrast, all of the valence a″ orbitals in Figure 8.3 are included in the 
active space, so φ5 does not have to be orthogonal to the a″ orbitals of the sulfur and 
oxygen atoms and, thus, does not possess antibonding character. Rather, φ5 is entirely 
localized on the sulfur atom but with large energetically unfavorable overlaps with the 
other a″ orbitals: S45 = 0.64 and S35 = 0.21, which represent antibonding interactions in 
the isolated SO fragment. 
 As the internuclear distance decreases, φ2 localizes on the sulfur atom and 
polarizes into the O′–SO bonding region. Concomitantly, the electron in this orbital 
becomes increasingly singlet coupled with the electron in φ1, representing the formation 
of an SO σ bond (see Figure 8.4). Because φ5 is localized on the sulfur atom at large 
ΔR(O′–SO), a π bond involving φ5 and φ6, the singly occupied π(a″) orbital on the 
incoming O atom, can also form, imparting double bonded character to both SO bonds in 
SO2. Therefore, transition of the spin coupling coefficients from a recoupled pair π bond 
plus two triplet pairs to a perfectly paired spin function represents formation of a second 
O′–SO σ bond (involving φ1 and φ2), and a second π bond (involving φ5 and φ6). In 
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addition, the original recoupled pair π bond, (φ3, φ4), as well as the other SO σ bond (not 
shown) is maintained, without any qualitative changes.  
 The overlaps of the a″ GVB orbitals are plotted as a function of R(O′–SO) in 
Figure 8.5, where blue lines indicate the energetically favorable overlaps between the 
orbitals of a singlet-coupled pair of electrons in the PP wave function and red lines 
indicate energetically unfavorable overlaps due to exchange-repulsion between the 
electrons in the orbitals in different singlet coupled pairs.17,19,20 As the second σ bond 
forms, the overlap between φ5 and φ6 (S56), representing the second π bond, increases 
monotonically to a value of 0.70 at Re. Moreover, the energetically unfavorable overlaps 
that were present in SO are decreased by bond formation as φ5 is polarized towards the 
incoming oxygen atom, O′ (see S35 and S45 in Figure 8.5). These two effects, coupled 
with the lack of any substantial additional unfavorable overlaps resulting from bond 
formation (i.e., S36 and S46 are small), result in the SO bonds in SO2 being stronger and 
shorter than that of diatomic SO. The polarity of the SO π bonds due to the difference in 
electronegativity between the central sulfur atom and the terminal oxygen atoms aids in 
reducing the energetically unfavorable overlap between the orbitals involved in the bond 
pairs. It is the stability of the two π bonds (a recoupled pair π bond dyad16,19) in SO2 that 
accounts for its essentially complete lack of diradical character.  
8.3.2. O′ + O2 → O3  
 We now turn to the same analysis for O3. Figure 8.6 shows the O′(3P) + O2(3Σ-) → 
O3(1A1) formation pathway diagrams where the orbital labeling scheme in Figures 8.6 
and 8.7, the GVB orbitals as a function of ΔR, are consistent for clarity. The a″ orbitals 
localized on the O2 fragment at large R(O′–OO) bear some similarity to those of SO; 
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compare the top rows of Figures 8.3 and 8.7. However, for ozone, φ2 and φ5 are 
effectively identical, despite the differing active spaces for the a′ and a″ orbitals. The 
antibonding character of φ5 in O2 but not SO is not due to any constraint on the GVB 
wave function; rather, this is a consequence of the symmetry and bonding in the O2 
fragment. Unlike in SO(3Σ−), the O2p2 pairs in O2(3Σ−) are not recoupled by the incoming 
O2p1 orbitals, but rather are simply delocalizing onto the opposite O atom as the MO 
description of bonding suggests. Because φ5 is essentially orthogonal to φ3 and φ4 at large 
R(O′–OO), the dominant spin function for O2 at large R is one in which the electrons in 
the “in-correlated” bonding orbital (φ4) and the anti-bonding orbital (φ5) are coupled into 
a triplet, which then couple with the electron in the “out-correlated” orbital (φ3) to make 
an overall doublet (this coupling pattern is signified by the checkered pattern in Figure 
8.8a). The electrons in the remaining orbitals are spin coupled as required for the O2(3Σ–) 
and O(3P) fragments to form a net singlet state. We express this coupling pattern as 
ααβαββ with the orbital ordering (φ4, φ5, φ3, φ2, φ1, φ6) relative to Figures 8.6 and 8.8. As 
Figure 8.8 shows, this coupling pattern accounts for 98.2% of the wave function at R(O′–
OO) = Re + 2.0 Å. This is in contrast to O′ + SO, where there was a clear π bond pair on 
the SO fragment and is a consequence of the lack of recoupled pair bonding in the O2 
fragment. The lack of a recoupled pair π bond is consistent with prior studies that have 
shown that it is much less energetically favorable to form a recoupled pair bond with an 
oxygen 2p2 pair than with a sulfur 3p2 pair.17,18,39  
 The absence of recoupled pair π bonding in O2(3Σ−) has important consequences 
for the electronic structure of O3(1A1). As O′ approaches O2 in Figure 8.7, φ2 localizes 
onto the central oxygen atom in order to form the σ bond. This breaks the g and u 
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symmetry of the GVB a″ orbitals, localizing φ3 and φ4, the “in-out” correlated oxygen 
(2p–, 2p+) orbitals, on the central oxygen atom. At intermediate ΔR, the “out” correlated 
a″ orbital, φ3, maintains a π bonding shape over O2, but as R(O′–OO) approaches Re, this 
orbital localizes on the center oxygen atom but with significant delocalization onto the 
two terminal oxygen atoms. The addition of the O′ atom results in a new σ bond (φ1, φ2). 
However, formation of a π bond is not possible because the unpaired a″(π) orbital, φ5, is 
centered on the terminal, not the central, oxygen atom of the O2 fragment.   
 As with SO2, the coefficient of the spin-coupling pattern associated with the O2 + 
O′ fragments decreases as a function of R(O′–OO), crossing that for the PP spin function, 
the latter comprises 95.0% of the GVB wave function of O3 at Re. These two coupling 
patterns are depicted in the GVB orbital diagrams in Figure 6a,b, where the growth in the 
weight of the PP pairing spin function indicates formation of the new O′O σ bond and the 
new, but weak, O′O π interaction between φ5 and φ6. 
 The bonding pattern of ozone results in a different overlap pattern compared to 
SO2 formation and is shown in Figure 8.9. Instead of two bond pairs, there is one large 
energetically favorable overlap corresponding to the lone pair centered on the central 
oxygen atom (S34), which decreases slightly with decreasing R(O′–OO), and a weakly 
overlapping pair localized on the terminal atoms (S56), which increases from 0.0 to 0.16 
as R(O′–OO) decreases from 3.5 Å to Re. The overlaps representing repulsive interactions 
between the singlet coupled pairs (φ3, φ4) and (φ5, φ6) are shown as the red lines in Figure 
8.9. Compared to SO2, all of the energetically unfavorable overlaps increase dramatically 
as O′–OO bond formation occurs, particularly S35 and S36. These repulsive interactions 
and the loss of the favorable exchange interactions in O2 are the major factors in the 
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weakening and lengthening of the OO bonds from O2 to O3. The lengthening of the OO 
bonds from 1.208 Å in O2 to 1.269 Å in O3 [RCCSD(T)/AVQZ] results in the observed 
reduction in the S35 and S45 overlaps from about R(O′–OO) = 1.7 Å to Re (see below). 
8.3.3. Geometry and Energetics along O′ + XO → XO2, (X = O, S)  
 In the Introduction, we showed that O3 and SO2 have different trends in terms of 
bond length and strength with respect to their parent diatomic molecules, XO. In this 
section, we consider these properties as a function of the O′–XO distance. The calculated 
potential energy curve [MRCI+Q/AVQZ] for formation of XO2 from O′ and XO as a 
function of ΔR(O′–XO) is shown in Figure 8.10a, where the other molecular parameters 
(RXO, θO′XO) are optimized at each point along the curve [MRCI+Q/AVTZ]. For SO2, the 
energy associated with this addition is quite large: 131.0 kcal/mol, compared to the 
calculated bond energy of SO of 123.2 kcal/mol [RCCSD(T)/AVQZ]. By contrast, for 
O3, the O′–O2 bond is markedly weaker than that calculated for O2: 118.0 kcal/mol for O2 
versus 23.8 kcal/mol for O′–O2 [RCCSD(T)/AVQZ].  
 Figure 8.10b shows the change in the bond length of the XO fragment as the O′ 
atom approaches XO for the geometries in the scan in Figure 8.10a. This figure is a plot 
of ΔR(O′X–O) relative to its value at ΔR(O′–XO) = Re + 2.0 Å, which is approximately 
the bond length of diatomic XO. As ΔR(O′–XO) decreases, the O′X–O bond length 
decreases monotonically until ΔR(O′–XO) ≈ 0.6 Å in both cases, likely as a result of the 
reduction in the anti-bonding character of φ2 in Figures 8.3 and 8.7 as it polarizes towards 
the O′–XO bonding region. For both formation pathways, this trend reverses around 
ΔR(O′–XO) ≈ 0.6 Å as the magnitude of the repulsive orbitals overlaps between the 
fragments become non-trivial. For O3, R(O′O−O) increases monotonically, yielding O−O 
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bonds that have lengthened significantly from 1.208 Å in O2 to 1.269 Å in O3. However, 
for SO2, R(O′S–O) also begins to increase, but then decreases again. At sufficiently short 
R(O′–SO), formation of the O′–SO π bond shortens the O′S–O bond by reducing the 
energetically unfavorable overlaps associated with the recoupled pair π bond in SO as 
shown in Figure 8.5. The behavior of the curve between R(O′–SO) = 0.4 – 0.6 Å reflects 
the transition from repulsion between the O′ + SO fragments to double bond formation 
and occurs at approximately the crossing of the two spin couplings plotted in Figure 8.4. 
Ultimately, the calculated S−O bond lengths decrease from 1.486 Å to 1.437 Å 
[RCCSD(T)/AVQZ] upon O′ addition.  
 In summary, O3 has a singlet-coupled lone pair on its central atom and a pair of 
electrons in the orbitals on each of the terminal atoms that are coupled together into a 
singlet; the latter representing a very weak π interaction. This bonding scheme combined 
with the loss of the favorable triplet interaction on O2 leads to O−O bonds in O3 that are 
substantially weaker than in O2. Conversely, SO2 has two highly polar S–O double bonds 
that are stronger than that of SO(3Σ−). In SO2, the incoming a″ orbital can form a 
recoupled pair π bond dyad because the recoupled pair bond present in the a″ system of 
SO localizes both of the singly occupied orbitals on the sulfur atom. Conversely in O3, 
the interaction between the electron in the incoming oxygen 2pa″ orbital and the two 
singlet-coupled electrons centered on the central oxygen atom is repulsive. In addition, 
this orbital has only a very small overlap with the orbital with which it is singlet coupled. 
We will comment on these results in the context of prior work investigating the nature of 
bonding in O3 in Section 8.4.1. The implications of this difference in the electronic 
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structure of O3 and SO2 for the singlet to triplet gap in these two molecules will be 
considered in the following section. 
8.3.4. Energetics of the 1A1 and 3B2 States of O3 and SO2 
 It should come as no surprise that the different degrees of diradical character in O3 
and SO2 have a major impact on the singlet-triplet splitting in these molecules. In O3, 
only a weakly interacting singlet coupled pair (S = 0.16) must be broken to form the 
corresponding 3B2 triplet state, whereas in SO2, two much more strongly interacting 
singlet pairs (S = 0.70) must be disrupted in order to form such a state. In this section, we 
compare the properties of the 3B2 states of O3 and SO2. This state is, in fact, the lowest 
triplet state in O3 with the lowest-lying 3B1 and 3A2 states being 6.8 and 0.7 kcal/mol 
higher in energy respectively. The 3B2 state in SO2 is the third lowest triplet excited state, 
although the 3B1 and 3A2 states of SO2 are only 7.0 and 5.2 kcal/mol lower in energy (in 
that order) than the 3B2 state. We calculate the energy splitting between the 1A1 and 3B2 
state of O3 to be 29.7 kcal/mol compared to 81.7 kcal/mol in SO2 [RCCSD(T)/AVQZ]. 
The triplet states have longer bond lengths than the ground states as well, by 0.084 Å in 
O3 and 0.122 Å in SO2 at the same level of theory. In the triplet states, the S−O bonds of 
SO2 are still stronger than the O−O bonds of O3 (relative to the ground state of the 
atoms), but the difference has been reduced from 112.3 kcal/mol in the singlet states to 
60.3 kcal/mol in the triplet states, indicative of a major loss of bonding in SO2(3B2).  
 The GVB orbitals for the 3B2 states are shown in Figures 8.11a (O3) and 8.11b 
(SO2). The GVB orbitals for the O3(3B2) state are qualitatively similar to the singlet 
ground state, with the electrons in the lone pair orbitals localized on the central atom, (φ1, 
φ2), singlet coupled and those in the orbitals on the terminal atoms, (φ3, φ4), triplet 
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coupled. The latter orbitals are now orthogonal instead of weakly overlapping. This 
bonding pattern provides an accurate description of the GVB wave function for the π 
system (wPP = 99.0%). Because the terminal orbitals are high spin coupled, their 
interaction is repulsive, although the magnitude of the interaction is small because of the 
spatial separation of the orbitals. In response, the O2p2-like pair on the central oxygen 
atom contracts: the singlet-coupled pair on the central oxygen atom has a higher overlap 
in the O3(3B2) state—0.85 versus 0.80 in the ground state—and is more localized on the 
central oxygen atom than the corresponding orbitals in the 1A1 state. These effects 
contribute to the weaker O−O bonds in the 3B2 state than the 1A1 state.  
 In contrast, the SO2(3B2) orbitals possess a qualitatively different dominant spin 
coupling pattern than the SO2(1A1) orbitals, as formation of a recoupled pair bond dyad is 
no longer possible in the 3B2 state; see Figure 8.11b. Instead of SO double bonds, the PP-
like spin coupling pattern (αβαα, 91.4% of the wave function for the π system) has the 
electrons in the two “left-right” lobe orbitals, (φ1, φ2), coupled into a singlet and centered 
on the sulfur atom with a large overlap of 0.90. The two terminal GVB orbitals, φ3 and 
φ4, are then triplet coupled. The GVB(PP) energy is just 2.8 kcal/mol higher than that 
from the corresponding full GVB calculation using the same orbitals, so the GVB(PP) 
wave function provides a reasonable description of the molecule. 
 It should be noted that the GVB wave function for the SO2(3B2) state used here 
cannot describe a bonding pattern with a recoupled pair π bond associated with one SO 
bond and a triplet-coupled pair associated the other SO bond—this would required a 
symmetry projected GVB wave function.40,41 While it is possible that this type of bonding 
motif might be found if a projected GVB wave function was used, it is nonetheless 
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impossible for a new π bond to be formed as R(O′−SO) decreases on the triplet surface. 
This fundamental change in the electronic structure of SO2 accounts for the large singlet-
triplet splitting in the molecule.  
8.4. Conclusions 
8.4.1. Why is the Ground State of O3 a Diradical?  
 Our calculations are consistent with the conclusion of prior work that concluded 
that O3(1A1) has significantly more diradical character than SO2(1A1). However, O3 is far 
from a pure diradical: its diradical character was calculated to be only 44% or 18% in two 
recent studies.6,13 In agreement with this, we find the overlap of the two orbitals giving 
rise to the diradical character to be 0.16. The magnitude of this overlap is small but not is 
not zero as it would be for a pure diradical. The presence of non-trivial closed shell 
character is consistent with the observation that the singlet state is nearly 30 kcal/mol 
lower in energy that the triplet state, as the singlet and triplet states would be degenerate 
if S ≡ 0. 
 Kalemos and Mavridis7 suggested that the character of O3 is attributable to a 
dative bonding interaction of the O(1D) atom with the 1Δg state of O2, and Miliordos and 
Xantheas13 interpreted their potential energy scans of the 1A′ state of the O + O2 
interaction as agreeing with this proposal. However, the GVB calculations for O + O2 do 
not show any signs of involvement from this higher lying asymptote, which lies 91.9 
kcal/mol7 above the O3(1A1) minimum (MRCI+Q). Rather, the GVB wave function 
correlates O3 with the ground state fragments across the entirety of the potential energy 
surface that was scanned and gives rise to the diradical character as a logical outcome of 
molecular formation. 
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 Of course, the wavefunctions arising from the O(3P) + O2(3Σg−) + and O(1D) + 
O2(1Δg) asymptotes have the same spin and symmetry and therefore can mix—the 
question is what is the magnitude of the mixing. Given the large energy differences 
shown in Fig. 1 of Miliordos and Xantheas,13 the Hamiltonian matrix element coupling 
the two diabatic states would have to be quite large for there to be substantial mixing 
between the two states. Unfortunately, the magnitude of this matrix element is not 
known. In its absence, we simply note that the GVB calculations show a smooth 
transition from O(3P) + O2(3Σg−) to O3, suggesting that the state arising from the O(1D) + 
O2(1Δg)  limit does not have a strong impact on the ground state orbitals and energetics of 
O3. It should, however, be noted that, since we only use one set of orbitals and the overall 
GVB wave function must be consistent with the symmetry of the molecule, our 
calculations would not be able to describe the asymmetric bonding pattern associated 
with formation of a dative bond at Re. However, even at larger R, where symmetry 
constraints are not an issue, we see no evidence of an asymmetric bond associated with 
the O(1D) + O2(1Δg) asymptote. 
 As we have shown, the GVB description of the formation of O3 from O(3P) + 
O2(3Σg−) provides a natural explanation for the diradical character of the ground state 
(1A1) of O3. In the O(3P) + O2(3Σg−) limit, Figure 8.6 shows the singly occupied a″ orbital 
localized on the incoming oxygen atom (O′) with the singly occupied a″ orbital on the 
O2(3Σg−) molecule being delocalized over the two oxygen atoms. As R(O′–O2) decreases, 
both of these orbitals largely localize on the terminal oxygen atoms with the spins of the 
electrons in these orbitals becoming singlet coupled. While the orbitals that are centered 
on the terminal oxygen atoms do not directly overlap very strongly with one another, they 
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both interact with the same pair of electrons on the central atom. This is in keeping with 
the GVB(PP/SO) calculations of Dunning, Goddard and Hay5 where, because the orbitals 
on the terminal atoms had to be orthogonal to the electron pair on the central atom, they 
had a non-trivial overlap with one another (for this restricted wavefunction, S = 0.28). 
The full GVB results presented herein are more complicated: since all of the a″ orbitals 
can overlap, the favorability of the singlet state is manifest both in the presence of the 
stabilizing overlap between the terminal orbitals (S56) as well as the reduction in the 
repulsive overlaps between the terminal orbitals and the central atom orbitals (S35, S36, 
S45, S46), where the numbering is that in Figure 8.7. However, the overall conclusion is 
the same: singlet coupling the terminal orbitals on the central atom in the π system is 
energetically favorable. If we use the simpler GVB(PP/SO) wave function where this 
effect is encapsulated in S56, we see that this overlap is in fact directly related with the 
1A′→3A′ gap over the O + O2 scan. The dependence of the 1A′→3A′ gap on S56 along the 
O′–O2 minimum energy curve is plotted in Figure 8.12 and shows that these two 
quantities are nearly linearly related after the PP spin function becomes dominant in the 
full GVB calculation, which occurs around S56 ≈ 0.08. 
8.4.2. Why are the Ground States of O3 and SO2 so Different?  
 In contrast to O3, where a small amount of closed shell character arises from the 
weakly overlapping orbitals on the terminal oxygen atoms, in SO2 the closed shell 
character is a result of the formation of a recoupled pair bond dyad in the π system, 
effectively resulting in two SO double bonds. These important differences in the bonding 
motif associated with the π system are manifest in the GVB orbitals and spin couplings of 
the two species and are a direct consequence of the presence or absence of a recoupled 
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pair π bond in the parent diatomic species, SO and O2, respectively. This difference in 
bonding is reflected in the vastly different strengths of the O′–SO and O′–O2 bonds, 
131.0 versus 23.8 kcal/mol. 
 As in our studies of other hypervalent species (e.g. the SFn n = 1,642), the 
recoupled pair bond dyad in SO2 allows the sulfur atom to form an expanded octet with 
five nominal electron pairs. However, the SO bonds, especially those of the recoupled 
pair dyad, are quite polar, reducing electron density around the sulfur atom. The GVB 
orbitals clearly show that these bonds, while quite polar, are actual π bonds and not O2p2 
lone pairs, in agreement with the earlier SCVB calculations of Cooper and coworkers.43 
The ability of the sulfur atom to form recoupled pair bonds and recoupled pair bond 
dyads with very electronegative ligands explains how the central sulfur atom in SO2 can 
possess two double SO bonds in addition to a σ lone pair without appealing to atomic 3d-
orbitals. 
8.4.3. Why are the energies of the 3B2 state in O3 and SO2 so different?  
 The two different bonding patterns in SO2 and O3—two π bonds in SO2 and one 
delocalized π pair on the central atom plus a pair of weakly overlapping π orbitals on the 
terminal atoms in O3—also accounts for the much larger singlet-triplet gap in SO2 versus 
O3. For ozone, forming the triplet state only requires breaking the singlet coupling 
between the electrons in two weakly overlapping orbitals centered on the terminal oxygen 
atoms (S = 0.16). However, in SO2, formation of the triplet state requires breaking actual 
π bonds (S = 0.70), and the increased singlet-triplet gap in SO2 relative to O3 reflects that. 
Clearly, the ability of the sulfur atom to form recoupled pair bonds and recoupled pair 
bond dyads with very electronegative ligands is quite significant and must be included in 
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a comprehensive explanation of the differences between O3 and SO2, including, as we 
shall show in a subsequent paper, differences in their reactivities. 
8.5. Figures 
!
Figure 8.1. (a) GVB and HF orbital diagrams for S(3P) and O(3P), (b) the angularly 
correlated sulfur 3p2 GVB orbitals, and (c) radially correlated oxygen 2p2 GVB orbitals. 
Basis: AVQZ. Throughout, yellow spheres denote sulfur, red spheres oxygen. 
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Figure 8.2.  a) GVB diagram for the O′(3P) + SO(3Σ–) → SO2(1A1) formation pathway. 
Shading of the same color in the lobes indicates triplet coupling between the orbitals at 
R(OS−O′) = ∞, while the dashed lines represent bond formation as R(O′–SO) decreases. 
b) GVB diagram for SO2(1A1) at Re.  
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Figure 8.3. GVB orbitals for O′(3P) + SO(3Σ–) → SO2(1A1), where ΔR = R(O′–
SO) − Re(SO2); Re(SO2) = 1.445 Å. All other degrees of freedom are optimized. Dashed 
lines separate orbital pairs that are singlet coupled by the PP spin function. 
 
!
Figure 8.4. GVB spin coupling weights of O′–SO as a function of R(O′–SO) for O′(3P) + 
SO(3Σ–) → SO2(1A1).  
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Figure 8.5.  Overlaps of the GVB a″(π) orbitals for O′(3P) + SO(3Σ−) → SO2(1A1) as a 
function of R(O′–SO).  
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Figure 8.6.  a) GVB diagram for the O′(3P) + O2(3Σ-) → O3(1A1) formation pathway, 
where the spin coupling pattern of O2 has been simplified (see text for full description). 
Shading of the same color in the lobes indicates triplet coupling between the orbitals at 
R(OO−O′) = ∞, while the dashed lines represent bond formation as R(O′–OO) decreases. 
b) GVB diagram for O3(1A1) at Re. 
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Figure 8.7. GVB orbitals for O′(3P) + O2(3Σ-) → O3(1A1), where ΔR = R(O′–OO) − 
Re(O3); Re(O3) = 1.281 Å. All other degrees of freedom are optimized. Dashed lines 
separate orbital pairs that are singlet coupled by the PP spin function. Orbitals (φ3, φ4) 
provide a GVB description of the oxygen lone pair (see Figure 1a). !
!
Figure 8.8. Spin coupling weights of O′–OO as a function of R(O′–OO). 
! 207!
 
Figure 8.9.  Overlaps of the GVB a″ orbitals for O′(3P) + O2(3Σ−) → O3(1A1) as a 
function of R(O′–OO).  
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Figure 8.10. (a) Potential energy curves relative to the O′ + XO ground state asymptote 
and (b) dependence of the O′X−O bond length on ΔR(O′–XO) = R – Re(XO) for X = O, 
S; Re(O3) = 1.281 Å and Re(SO) = 1.445Å. Calculations: 
MRCI+Q/AVQZ//MRCI+Q/AVTZ. 
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Figure 8.11. GVB orbitals and orbital overlaps for the (a) O3(3B2) and (b) SO2(3B2) 
states. In (a), orbitals (φ1, φ2) provide a GVB description of the oxygen lone pair (see 
Figure 1a).  
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Figure 8.12. The 1A′→3A′ energy gap as a function of the overlap of the orbitals 
localized on the terminal orbitals (S56) in the GVB(SO/PP) wave function for R(O′–OO) 
= [Re − 0.2 Å, Re + 2.0 Å]. S56 and the singlet-triplet gap (computed with 
MRCI+Q/AVQZ using state-averaged orbitals) were calculated at the geometries from 
the scan in Figure 8. 
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Chapter 9  
 
Conclusions 
 
9.1. Introduction 
 In this work we discussed the development of a general model of bonding and 
electronic structure for molecules composed of atoms from H through Ne and other late 
p-block elements. Although the concept of a chemical bond was first described nearly 
one hundred years ago, existing models fail to account for the complex chemistry of these 
molecules and the changes in their chemistry upon substitution of valence isoelectronic 
atoms. This dissonance had long been known—and, in some cases, but only in some 
cases, referred to as the first row anomaly—but there was no solid theoretical foundation 
for explaining it. 
9.2. Summary 
 The introductory comments in Chapter 1 outlined the evolution of electronic 
structure models beginning with empirically based models that matured into qualitative 
descriptions based on quantum mechanics to the sophisticated computational approaches 
possible today. This chapter and subsequent chapters also called attention to the fact that 
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many existing models of electronic structure have become rationalizations with limited 
predictive power. This in turn has driven the development of system-specific 
explanations rather than generalized models of electronic structure. To address the need 
for a modern, general and predictive model of electronic structure, we introduced a novel 
model design technique that, combined with our current ability to perform routine high-
level atomistic calculations, permits us to relate changes in a next-generation orbital 
wavefunction to the results of highly correlated calculations. 
 This reference wavefunction goes well beyond standard MO and VB theories, 
although it still is a product of a single set of orbitals and a general spin function. This 
reference wavefunction has three important features: (i) it provides a unique set of 
orbitals, including both bond orbitals and lone pair orbitals, that are, in general, localized 
and resemble perturbed atomic orbitals, (ii) it properly describes the electronic structure 
of the molecule at various internuclear distances, and (iii) it describes molecules with 
non-classical bonding arrangements. This reference wavefunction is the generalized 
valence bond (GVB) wavefunction. The remaining chapters (i) outlined the fundamental 
aspects of a new type of bond—the recoupled pair bond and the recoupled pair bond 
dyad—which unified the traditional two center−two electron (2c-2e) covalent bond with 
the (2c-3e) and (3c-4e) bonds that are present in hypervalent molecules into a general 
framework of bonding, and (ii) demonstrated the utility of this model with several 
compelling examples. 
 The fundamentals of the recoupled pair bonding model were introduced in 
Chapters 2, 3 and 4. Chapter 2 described in detail the formation of a recoupled pair bond 
where an electron in the singly occupied orbital of a ligand drives an energetically 
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favorable change in the spin-coupling pattern. During the recoupling process the 
electrons that make up the central atom’s lone pair are recoupled with one of the 
electrons in the lone pair orbital pairing with the electron in the incoming ligand to form a 
recoupled pair bond. The nature of the recoupled pair bonds depends on the type of lone 
pair being recoupled—an ns lone pair or an np lone pair. Unlike the recoupled pair bonds 
formed by recoupling the ns lone pair in the early p-block elements, the recoupled pair 
bonds formed by recoupling the np lone pair in the late p-block elements is conditional, a 
result of the “forces” arising from the Pauli Principle (Pauli Repulsion). The ground, 2Π, 
and first excited, 4Σ–, states of CF and SF were used as pedagogical examples and it was 
shown that the 2s lone pair of carbon is easily recoupled while the 3p lone pair of sulfur 
requires that the 2c-3e interaction involve a highly electronegative ligand, e.g., fluorine. 
 A central atom’s ability to form recoupled pair bonds and the completeness of the 
recoupling process influences the available addition pathways as well as the relative 
energetics of the resulting states. In Chapter 3 the addition of a second F atom to both the 
ground and excited states of CF and SF were studied in detail. The bond formed with the 
electron in the orbital left over from the recoupling process is a covalent bond and the 
recoupled pair bond and the resulting covalent bond are known as recoupled pair bond 
dyad. It was shown that the energy of the second bond in the recoupled pair bond dyad is 
can be very strong and often times exceeds the strength of their covalent counterparts. 
This strength results from an appreciable reduction in Pauli repulsions between the 
electron in the orbital left over from the recoupling process and the electrons that make 
up the recoupled pair bond. Again, the degree to which the Pauli repulsions are reduced is 
related to the electronegativity of the ligand. 
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 Although recoupled pair bond formation with an s-type lone pair will occur with 
almost any ligand regardless of its electronegativity, the same is not true of p-type lone 
pairs. In fact, within the GVB representation p-type lone pairs exhibit two types of 
nondynamical correlation, angular or ‘left-right’ and radial or ‘in-out’ correlation. 
Knowledge of the type of correlation in a particular lone pair is essential to make 
accurate predictions of the possible addition pathways available to the central atom, e.g., 
by affecting the strength of the (2c-2e), (2c-3e) and (3c-4e) interactions. Chapter 4 
discussed the (2c-3e) interaction in the 4Σ– state of OF. It was determined that the in-out 
correlation of the O 2p2 lone pair resulted in a bound interaction only with the most 
electronegative ligand. Additionally, the recoupling process in OF was observed to be far 
from complete—the GVB potential curve was not bound and binding was only observed 
when dynamical correlation was included in the wavefunction. Collectively, Chapters 2, 
3 and 4 outline the fundamentals of recoupled pair bonding, that is: (i) the conditions 
under which recoupled pair bonds form, (ii) how the GVB wavefunction expresses the 
recoupling process in each case, (iii) the conditions under which dynamical correlation is 
necessary, and (iv) how the degree of recoupling and inclusion of dynamical correlation 
impacts the potential energy surface of the system.  
 Chapters 5 and 6 extended the recoupled pair bonding model to the π systems of 
molecules, in particular to the (2c-3e) interactions in the π systems of NO and NS. It was 
found that the electron in the singly occupied orbital on the nitrogen atom formed a 
recoupled pair π bond with the 3p lone pair of sulfur, while the electrons in the 2p lone 
pair of the oxygen atom remained predominantly singlet coupled, i.e., no recoupled pair π 
bond was formed. These results are consistent with the recoupled pair bonding model for 
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2c-3e σ interactions established in Chapters 2, 3 and 4. The impact of the presence or 
absence of a recoupled pair π bond in NO and NS on the triatomic species X(NO) and 
X(NS) where X = H or F were investigated in Chapters 5 and 6. It was found that the 
presence of the recoupled pair π bond in NS allowed for the formation of a recoupled pair 
bond dyad in NSF making it the lowest energy isomer and explaining the absence of any 
experimental observation of FNS. Consistent with our results on sulfur-containing 
species, the hydrogen atom, with a lower electronegativity value, was not capable of 
forming a recoupled pair bond dyad making HNS the lowest energy isomer. Since NO 
does not have a recoupled pair π bond it was predicted that H and F addition to NO would 
exhibit similar behavior with the XNO isomer being lowest in energy and this proved to 
be the case. Additionally, the NOF isomer proved exceedingly interesting due to the 
presence of a very unusual through-pair interaction where the singly occupied orbital on 
the incoming F atom was weakly singlet coupled to the singly occupied orbital on the 
nitrogen atom in NO as it could not recouple the radially correlated NO lone pair. This is 
a weak interaction, De(NO–F) ~ 24 kcal/mol, but it may be more common than might be 
expected. 
 Chapters 7 and 8 built on the results of the previous five chapters and examined 
the electronic structure of two sets of molecules NXOH and XO2, X = O or S. Again, the 
application of the atom-by-atom approach where ligands are systematically added to the 
central atom were constructed and predicted the electronic structure of NSOH and 
NOOH. The results of Chapter 7 are in good agreement with the results of Chapters 5 and 
6 where the presence of a recoupled pair π bond in NS led to the formation of a recoupled 
pair bond dyad in NSOH. Dyad formation led to bond lengths and dissociations energies 
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on par with the corresponding covalently bound diatomic species. On the other hand the 
inability of the singly occupied orbital on N to recouple the 2p lone pair on O resulted in 
another case of a through-pair interaction in NOOH, a molecule whose existence was 
recently described in Science. At first glance the electronic structure of NSOH and 
NOOH do not seem immediately connected to the drastic difference in reactivity and 
biradical character of O3 and SO2. However, in the context of the recoupled pair bonding 
model these differences are easily explained as the result of sulfur’s 3p lone pair being 
able to participate in recoupled pair π bonds yielding a double bond structure in SO2 
while oxygen’s 2p lone pair is unreactive and result in yet another through-pair 
interaction. 
9.3. Future Directions and Concluding Remarks 
 To date considerable progress has been made in the refinement of the generalized 
valence bond model of the chemical bond, in particular the recoupled pair bonding 
model. The general manner in which atomic GVB wavefunctions respond to the 
perturbation arising from an incoming ligand to form molecular GVB wavefunctions and 
the correspondence between the GVB wavefunction’s response and the results of highly-
correlated methods are well established for the H, C, N, O, F, P, S and Cl atoms. While 
molecules consisting of only these atoms are of great interest to chemist they constitute 
only a fraction of known, and more importantly, useful molecules. Therefore, one aim is 
to continue to extend the GVB bonding model to include a wider range of atoms in the 
periodic table. 
 Additionally, the majority of our effort has been to understand the reaction 
between two atomic or molecular fragments and incorporate this information into the 
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bonding model, thus, there exists considerable interest in expanding the model’s ability to 
predict and rationalize changes in a molecule’s electronic structure in response to 
intramolecular changes such as geometry as well as the response of these molecules to 
external stimuli other than that of the lone electrons of incoming ligands, for example 
hydrogen bonding and other solvent effects.  
 Finally, the atom-by-atom approach to understanding the general electronic 
structure of atoms, molecules and bonding is likely to have an important place in 
chemical education. Although the models introduced in modern introductory chemistry 
texts were considered by many as significant achievements of their time, as we have 
stated in the preceding chapters, many of these models are empirical while others are 
considered serious approximations by today’s standards, some of which are appropriate 
to only a restricted and specific set of chemical systems. Thus, the current material 
requires our attention and the GVB model can serve as an important link in connecting 
these seemingly disparate models by the introduction of a more general framework. A 
curriculum based on generalized valence bond theory can encompass both the traditional 
covalent bond as well as the recoupled pair bond and bond dyad, explaining not only the 
electronic structure of “standard” molecules but hypervalent molecules as well. In 
addition, GVB theory intimately connects the electronic structure of a molecule with the 
electronic structure of the atoms or fragments from which it is formed—a process that is 
both theoretically and visually appealing. This does not mean that the traditional 
approaches are completely cast aside. Instead, they can be recast as systematic 
approximations with their strengths (characteristics that are retained or favorably 
enhanced) and weaknesses (important information that is lost). 
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Appendix A  
 
Supplemental Material for Chapter 2† 
 
A.1. Introduction 
 GVB calculations with many non-orthogonal active orbitals are computationally 
expensive, although most chemical processes of interest can be described with only a 
limited number of active orbitals. In the past, perfect pairing (PP) and strong 
orthogonality (SO) constraints were used to reduce the cost of GVB calculations.1 For 
most molecules near their equilibrium geometries, these constraints are of minor 
consequence, providing results in good agreement with fully optimized GVB 
calculations. In the GVB(PP) wavefunction, the electrons and orbitals are grouped into 
geminal pairs, which are singlet coupled (perfect pairing), with a spin function 
appropriate for the state of the molecule used for the electrons in any non-paired orbitals. 
In the GVB(SO) wavefunction, all of the spin functions, 
 
ΘS ,M ;k
na , are included in the 
wavefunction, but the orbitals in each pair of predominately singlet-coupled orbitals !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!†!Reproduced with permission from the Journal of Chemical Physics 
Dunning, T. H., Jr.; Xu, L. T.; Takeshita, T. Y. Fundamental Aspects of Recoupled Pair Bonds. Recoupled 
Pair Bonds in Carbon and Sulfur MonoFluoride. J. Chem. Phys. 2015, 142, 034113. 
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(quasi- or proto-geminal pairs) are constrained to be orthogonal to all of the other 
orbitals. In the GVB(PP/SO) wavefunction both constraints are imposed. The 
GVB(PP/SO) wavefunction has an especially close relationship to the HF wavefunction: 
it corresponds to describing a doubly occupied orbital in the HF wavefunction with a pair 
of singly occupied orbitals in which the electrons are singlet coupled. 
 In the Supplemental Material, we report the results of GVB(SO) and 
GVB(PP/SO) calculations on the X2Π and a4Σ– states of CF and SF and compare these 
results with those from the GVB calculations. The GVB(SO) and GVB(PP/SO) 
wavefunctions can describe the a4Σ– states of CF and SF in both the separated atom and 
molecular limits, but, because of the PP restriction, the GVB(PP/SO) wavefunction 
cannot provide a detailed description of the interchange of the orbitals in these two states. 
Therefore, we report the results of the GVB(PP/SO) calculations only near the 
equilibrium geometries of the molecules. We also report an assessment of the impact of 
dynamical correlation on the GVB description of the a4Σ– states of CF and SF. 
 The GVB(SO) and GVB(PP/SO) calculations were carried out using the Molpro2 
fully variational CASVB program3-5 with the Kotani spin basis.6 Augmented correlation 
consistent basis sets of quadruple zeta quality (aug-cc-pVQZ) were used for carbon and 
fluorine,7 while the corresponding d-function augmented sets [aug-cc-pV(Q+d)Z] were 
used for sulfur.8,9 These basis sets provide accurate solutions of the electronic 
Schrödinger equation. 
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A.2. GVB(SO) and GVB(PP/SO) Calculations on the Ground and First Excited 
State of CF 
 The calculated GVB(SO) and GVB(PP/SO) equilbrium bond distances (Re) and 
bond energies (De) for the CF(X2Π) and CF(a4Σ–) states are listed in Table A.1, along 
with the results from the GVB calculations. 
 For both the X2Π and a4Σ– states of CF, the GVB(PP/SO) and GVB(SO) 
calculations provide results in quite good agreement with the GVB calculations. For the 
X2Π state, the errors in De are just 1.16 and 0.59 kcal/mol, respectively, and the errors in 
Re are just 0.003 and 0.002 Å, respectively. For the a4Σ– state, the corresponding errors 
are significantly larger—4.17 and 3.26 kcal/mol and 0.017 and 0.013 Å, respectively—
although still modest. 
 The GVB(SO) orbitals for the CF(a4Σ–) state at Re are plotted in Figure A.1, along 
with those for the GVB wavefunction. Only one of the π orbitals of each type is plotted 
(φa4, ϕv2). The two sets of orbitals are remarkably similar, with φa3 having a slight amount 
of antibonding character in the GVB(SO) wavefunction that is not present in the GVB 
orbital. This is a result of the requirement that φa3 be orthogonal to the (φa1, φa2) orbitals 
and illustrates the connection between the orbital overlaps found in GVB calculations and 
the antibonding character introduced into the orbitals in GVB(SO) and GVB(PP/SO) 
calculations. 
 The changes in the weights of the two dominant spin functions for both the GVB 
and GVB(SO) wavefunctions are plotted in Figure A.2 and the characteristics of the 
coupling region are summarized in Table A.2. Although the GVB(SO) wavefunction 
builds in spin function 
 
Θ3
2,
3
2;3
5  as the orbitals interchange, the recoupling region is much 
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broader than for the GVB wavefunction, with a somewhat different signature. The 
recoupling begins slightly earlier, ΔR = 1.05 Å, but continues until ΔR = 0.22 Å. The 
maximum is at smaller ΔR than for the GVB wavefunction, 0.54 Å, but of nearly the 
same magnitude, w3 = 0.20. The full width at half maximum (FWHM) for the recoupling 
region of the GVB(SO) wavefunction is 0.58 Å, more than twice that for the GVB 
wavefunction (0.27 Å). Imposition of the orthogonality constraint between the pair of 
orbitals (φa1, φa2) and φa3 clearly interferes with the recoupling (interchange) of the 
orbitals—the orbitals are still recoupled, but the process is much more drawn out. 
 The overlaps of the GVB (φa1, φa2, φa3) and GVB(SO) (φa1, φa2) orbitals are 
plotted in Figure A.3 (without the “a” subscript) and the overlaps of these three orbitals at 
Re are listed in Table A.3. The value of S12, the overlap between the bonding orbitals, at 
Re is similar in the GVB(SO) wavefunction and the GVB wavefunction, 0.84 versus 0.80. 
However, the dependence of S12 on ΔR is quite different. The dependence of S12 on ΔR 
for the GVB(SO) wavefunction is similar to that for the GVB wavefunction for ΔR > 0.7 
Å, but, at distance less than this, the two curves are markedly different. In contrast to the 
marked dip in the overlap of the bonding orbitals in the GVB wavefunction, S12 for the 
GVB(SO) wavefunction increases almost continuously as R approaches Re, although 
there is a small dip in the curve around ΔR ~ 0.25 Å. 
 In the GVB wavefunction, the repulsive Pauli interactions between the electrons 
in φa3 and (φa1, φa2) is represented by the non-zero overlaps shown in Figure A.3. In the 
GVB(SO) wavefunction, orbital φa3 is orthogonal to (φa1, φa2) and these same repulsive 
interactions are now represented by the antibonding character in orbital φa3. 
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A.3. GVB(SO) and GVB(PP/SO) Calculations on the Ground and First Excited 
State of SF 
 The calculated GVB(SO) and GVB(PP/SO) equilbrium bond distances (Re) and 
bond energies (De) for the SF(X2Π) and SF(a4Σ–) states are listed in Table A.4, along 
with those from the GVB calculations. 
 Although the GVB(PP/SO) and GVB(SO) results are comparable to the GVB 
results for the SF(X2Π) state, the differences are more dramatic for the SF(a4Σ–) state, 
especially for the GVB(PP/SO) calculations. In the latter case, neither the GVB(PP/SO) 
or GVB(SO) potential curves are bound relative to the separated atoms, De = -6.76 and -
1.04 kcal/mol, respectively, although the GVB potential energy curve itself is just barely 
bound, De = 1.70 kcal/mol. The errors in Re track those in De, being negligible in the X2Π 
state but significantly larger for the GVB(PP/SO) calculations on the a4Σ– state. 
 The GVB(SO) orbitals for the SF(a4S–) state at Re are plotted in Figure A.4, along 
with those for the GVB wavefunction. Again, only one of the π orbitals of each type is 
plotted (φa4, ϕv2). Although the singly occupied active orbital φa4 and the doubly occupied 
valence orbitals, (φv1, φv2, φv4), are very similar in the two wavefunctions, the remaining 
active orbitals, (φa1, φa2, φa3), differ. Of particular significance is the fact that the amount 
of antibonding character in the unpaired orbital, φa3, is much greater in SF than in CF, 
despite the fact that the relative bond length in SF is much longer than in CF. This 
reflects the higher overlap between the φa3 orbital and the paired (φa1, φa2) orbitals found 
in the GVB calculations and is directly correlated with the larger overlap of the sulfur 3p 
lobe orbitals and the much longer, weaker bond in SF. 
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 The changes in the weights of the two dominant spin functions for both the GVB 
and GVB(SO) wavefunctions are plotted in Figure A.5 and the characteristics of the 
coupling region are summarized in Table A.2. In SF, the results of the GVB(SO) 
calculations differ significantly from those of the GVB calculations. As expected, the 
recoupling region is, once again, much broader for the GVB(SO) wavefunction than for 
the GVB wavefunction. However, the difference is far more dramatic for the SF(a4Σ–) 
state than for the CF(a4Σ–) state. Recoupling begins at ΔR = 0.78 Å and is still 55% of its 
maximum value (0.17) at Re. Although the onset of the recoupling process is similar for 
the GVB and GVB(SO) wavefunctions, the recoupling is far from complete for the 
GVB(SO) wavefunction at Re. 
 The overlaps of the GVB (φa1, φa2, φa3) and GVB(SO) (φa1, φa2) orbitals are 
plotted in Figure A.6 (again without the “a” subscript) and the overlaps of these three 
orbitals at Re are listed in Table A.3. Again, there is a significant difference in the 
behavior of S12 for ΔR ≲ 0.5 Å, with the overlap of the orbitals from the GVB(SO) 
wavefunction essentially achieving its value at Re, 0.91, at ΔR = 0.5 Å.  In this case, there 
is a significant difference in the overlap between the bonding orbitals at Re: 0.80 (GVB) 
and 0.91 [GVB(SO)]. 
 In the GVB(SO) wavefunction, orbital φa3 is orthogonal to orbital (φa1, φa2). In the 
GVB wavefunction, the repulsive Pauli interactions between the electrons in φa3 and (φa1, 
φa2) is represented by the non-zero overlaps shown in Figure A.6: |S13| = 0.19 and |S23| = 
0.60. The latter overlap is particularly large and, as a result, the amount of antibonding 
character in the GVB(SO) φa3 orbital is much large in the SF(a4Σ–) state than in the 
CF(a4Σ–) state. 
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A.4. Impact of Dynamical Correlation on GVB Descriptions of CF and SF Excited 
States 
 The potential energy curves obtained from GVB calculations on the a4Σ– states of 
CF and SF states differ from those from the MRCI+Q calculations, which indicates that 
dynamical correlation may have a significant impact on these weakly bound states. In this 
section we assess the effect of dynamical correlation on the GVB description of these two 
states by analyzing the MRCI wavefunctions to extract approximate GVB orbitals and 
spin coupling weights as a function of ΔR. It is difficult to extract approximate GVB 
orbitals from such a wavefunction, but it is straightforward to extract approximate 
GVB(SO) orbitals. Approximate GVB(SO) orbitals can be obtained from the MRCI 
wavefunctions by the following transformation: 
 
ϕa1 =
′c1
′c1 + ′c2
σb +
′c2
′c1 + ′c2
σa ϕa 2 =
′c1
′c1 + ′c2
σb −
′c2
′c1 + ′c2
σa
 A.1
 
where (φa1, φa2) are the approximate GVB(SO) orbitals, (sb, sa) are the bonding and anti-
bonding natural orbitals (NOs) from the MRCI calculations, and (  ′c1 ,  ′c2 ) are the 
renormalized CI vector coefficients for the sb2 and sa2 configurations in the MRCI 
wavefunction: 
 
′c1 = c1 / c1
2 + c2
2
′c2 = |c2 | / c1
2 + c2
2
 A.2
 
The approximate GVB(SO) φa3 orbital is just the NO from the MRCI wavefunction with 
an occupation number near one. 
 Approximate spin eigenfunction weights for spin functions #3 and #4 were 
extracted from the MRCI wavefunction using the following equations: 
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w3 = c3
2 / (c1
2 + c2
2 + c3
2 )
w4 = (c1
2 + c2
2 ) / (c1
2 + c2
2 + c3
2 )
  A.3 
where (c1, c2, c3) are the coefficients of the sb2, sa2 and sbsa configurations in the MRCI 
wavefunction, respectively, with the electrons in the sbsa configuration being triplet 
coupled. 
 Although the GVB(SO) orbitals and spin function weights obtained in this way 
are only approximate, when compared to the corresponding quantities from the GVB(SO) 
and/or GVB calculations, they provide useful insights into the effect of dynamical 
correlation on the GVB description of recoupled pair bonding. 
A.4.1. The CF(a4Σ–) State 
 The differences in the GVB and MRCI potential energy curves for the CF(a4Σ–) 
state are a manifestation of the effect of dynamical correlation on the GVB 
wavefunctions for the CF(a4Σ–) state. The GVB(SO) orbitals involved in the recoupled 
pair bond and the spin function weights, (w3, w4), for the CF(a4Σ–) state obtained as 
described above are plotted in Figures A.7 and A.8. As can be seen, the two sets of 
orbitals—those from the GVB(SO) wavefunction and those derived from the MRCI 
wavefunction—are remarkably similar, indicating that dynamical correlation has only a 
minor impact on the GVB orbitals of the CF(a4Σ–) state. 
 The behavior of the two sets of spin function weights is also similar, although 
there are significant differences in both the positions and magnitudes of the minima and 
maxima, especially the latter. First, the height of the maximum in w3 is reduced to about 
one fourth of its value in the GVB calculations, and, as expected, there is a corresponding 
decrease in the magnitude of the dip in w4, the perfect pairing spin function. In addition, 
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the maxima and minima are shifted to somewhat smaller values of ΔR. This indicates 
that, although spin function #3 still plays an important role in the MRCI wavefunction, its 
contribution is diminished while the relative contribution of the PP spin function is 
increased. Thus, dynamical correlation facilitates the recoupling of the electrons in the 
carbon 2s lone pair, easing the formation of the recoupled pair bond. 
A.4.2. The SF(a4Σ–) State 
 For the SF(a4Σ–) state we also find that the two sets of orbitals are remarkably 
similar, again indicating that dynamical correlation has only a minor impact on the GVB 
orbitals of the SF(a4Σ–) state. However, the impact of dynamical correlation on the spin 
coupling weights is far more dramatic for this molecular state. First, the height of the 
maximum in w3 is dramatically reduced, as is the magnitude of the dip in w4. In fact, the 
maxima and dip are vanishingly small in the weights derived from the MRCI 
wavefunction. In addition, the maxima and minima are shifted to smaller values of ΔR, 
although the flatness of the curves makes the magnitude of the shifts difficult to reliably 
determine. These differences indicate a rather dramatic decrease in the importance of spin 
function #3 in the MRCI wavefunction. Thus, dynamical correlation dramatically 
facilitates the recoupling of the electrons in the 3p lone pair, a fact that is consistent with 
the rather dramatic impact of dynamical correlation on the potential energy curve for this 
state of SF—elimination of the hump and substantial deepening of the potential well. 
 It is likely that the dramatic effect of dynamical correlation on the SF(a4Σ–) state 
is a reflection of the impact of dynamical correlation on the Pauli repulsion terms. 
Because of the high overlap of the 3p lobe orbitals in the sulfur atom, Pauli repulsion is 
much larger in the a4Σ– state of SF than in the corresponding CF state. Dynamical 
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correlation will reduce the Pauli repulsion terms, which likely accounts for the larger 
impact of dynamical correlation on the excited SF state. 
 The above analysis indicates that dynamical correlation has an impact on the 
GVB description of the a4Σ– states of SF and CF. Such correlation has minimal impact on 
the orbitals but it does facilitate the recoupling of the electrons in the lone pair, with the 
impact on the recoupling of the sulfur 3p lone pair being substantially larger than on the 
carbon 2s lone pair. 
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A.5. Tables 
 
Table A.1.  Calculated and experimental bond energies (De) and bond distances (Re) for 
the ground (X2Π) and lowest-lying excited state (a4Σ–) of CF, along with the differences 
in Re and De for the two states. Energies in kcal/mol, distances in Å. 
 CF(X2Π)  CF(a4Σ–)    
Method De  Re  De  Re  Te(ΔDe) ΔRe 
GVB(PP/SO) 95.97 1.273  33.11 1.318  62.86 -0.045 
GVB(SO) 96.54 1.274  34.02 1.322  62.52 -0.048 
GVB 97.13 1.276  37.28 1.335  59.85 -0.060 
Expt’l 132.7±2.4a 1.272b       
a D. L. Hildenbrand, Chem. Phys. Lett. 32, 523 (1975); T. L. Porter, D. E. Mann, and N. Acquista, J. 
Molec. Spectrosc. 16, 228 (1965). 
b S. Saito, Y. Endo, M. Takami, and E. Hirota, J. Chem. Phys. 78, 116 (1983). 
 
 
Table A.2.  Characteristics of the recoupling regions in the a4Σ– states of CF and SF.  
Distances in Å, magnitude of w3 in normalized units. The GVB(SO) values are given in 
parentheses. 
  Recoupling Region  Maximum in w3 
GVB  Start ΔR End ΔR FWHM  ΔR Value 
CF  1.03 (1.05) 0.38 (0.22) 0.27 (0.58)  0.67 (0.54) 0.19 (0.20) 
SF  0.75 (0.78) <0.0 (<<0.0) 0.28 (>0.66)  0.51 (0.43) 0.16 (0.17) 
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Table A.3.  Overlaps of the three active GVB σ orbitals in the CF(a4Σ–) and SF(a4Σ–) 
states at their respective Re’s. Normalized units. The GVB(SO) values for S12 are given in 
parentheses. 
  Favorable  Unfavorable 
GVB  S12  S13 S23 
CF  0.80 (0.84)  -0.16 -0.43 
SF  0.80 (0.91)  -0.19 -0.60 
 
 
 
Table A.4.  Calculated and experimental bond energies (De) and bond distances (Re) for 
the ground (X2Π) and lowest-lying excited state (a4Σ–) of SF, along with the differences 
in Re and De for the two states. Energies are in kcal/mol, distances in Å. 
 SF(X2Π)  SF(a4Σ–)    
Method De  Re  De  Re  Te(ΔDe) ΔRe 
GVB(PP/SO) 49.48 1.599  -6.76 1.822  56.24 -0.223 
GVB(SO) 49.57 1.601  -1.04 1.862  50.61 -0.261 
GVB 49.57 1.601  1.70 1.859  47.87 -0.258 
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Figure A.1. GVB and GVB(SO) valence orbitals of the CF(a4Σ–) state at Re = 1.326 Å. 
Only the πx orbitals (φa4, ϕv2) are plotted. 
 
 
 
Figure A.2.  Spin coupling weights, wk (k = 3, 4), for the GVB and GVB(SO) 
wavefunctions of the CF(a4Σ–) state as a function of DR = R – Re; Re = 1.326 Å. 
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Figure A.3  Overlaps of the GVB and GVB(SO) active orbitals for the CF(a4Σ–) state as 
a function of ΔR = R – Re; Re = 1.326 Å. 
 
 
 
Figure A.4. GVB and GVB(SO) valence orbitals of SF(a4Σ–) at Re = 1.904 Å. Only the 
πx orbitals (φa4, ϕv2) are plotted. 
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Figure A.5.  Weights of the spin coupling coefficients, wk (k = 3, 4), for the GVB and 
GVB(SO) wavefunctions of the SF(a4Σ–) state as a function of ΔR = R – Re; Re = 
1.904 Å. 
 
 
 
Figure A.6.  Overlaps of the GVB and GVB(SO) active orbitals for the SF(a4Σ–) state, as 
a function of DR = R – Re, Re = 1.904 Å. 
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Figure A.7. GVB(SO) orbitals for the CF(a4Σ–) state from explicit GVB(SO) calculations 
(top row) and those derived from the MRCI calculations (bottom row) at Re (1.326 Å) 
and at the maximum in w3 in the GVB calculations (1.996 Å). 
 
 
Figure A.8.  Weights of the spin coupling coefficients, wk (k = 3, 4), for the GVB, 
GVB(SO) and MRCI wavefunctions of the CF(a4Σ–) state as a function of ΔR = R – Re; 
Re = 1.326 Å. 
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Figure A.9. GVB(SO) orbitals for the SF(a4Σ–) state from explicit GVB(SO) calculations 
(top row) and those derived from the MRCI calculations (bottom row) at Re (1.904 Å) 
and at the maximum in w3 in the GVB calculations (2.422 Å). 
 
 
Figure A.10.  Weights of the spin coupling coefficients, wk (k = 3, 4), for the GVB, 
GVB(SO) and MRCI wavefunctions of the SF(a4Σ–) state as a function of ΔR = R – Re; 
Re = 1.904 Å. 
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Appendix B  
 
Supplemental Material for Chapter 3† 
 
 In Chapter 3 we correlated the increase in the strength of the FAS–FB bond to a 
decrease in the “bad” overlap between the singly occupied orbital left over from 
formation of the recoupled pair bond in the SF(a4Σ–) state and the FA–S bond orbitals. At 
R(FAS–FB) = ∞, the magnitude of these overlaps are (0.19, 0.60), which decreases to 
(0.10, 0.10) at the optimum SF2(a3B1) geometry. To cast these results into language more 
familiar to most chemists, we can require that the orbitals associated with different pairs 
to be orthogonal to one another as is the case in molecular orbital theory. An even closer 
analogy to MO theory is possible if we only use the PP spin function. However, this 
wavefunction cannot describe the formation of SF2(a3B1) from SF(a4Σ–) + F(2P). So, we 
will use the GVB(SO) wavefunction here. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!†!Reproduced with permission from the Journal of Chemical Physics 
Dunning, T. H., Jr.; Takeshita, T. Y.; Xu, L. T.; Fundamental Aspects of Recoupled Pair Bonds. Recoupled 
Pair Bond Dyads in Carbon and Sulfur Difluoride. J. Chem. Phys. 2015, 142, 034114.!!
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 In Figure 3.11 we plot the two GVB(SO) orbitals, (φa3, φa4) involved in the new 
FAS–FB bond as a function of ΔR(FAS–FB) for the SF2[3Σ–] configuration of the SF2(a3B1) 
state. As can be seen, at large separations, ΔR = 1.9 Å, the SF bonding orbital has 
significant antibonding character, which can be directly correlated with the overlaps 
between this orbital and the FAS bonding orbitals, especially the bonding orbital centered 
on the sulfur atom for which S = 0.60. As ΔR decreases, the antibonding character of the 
orbital φa3 decreases rather dramatically. This is clearly a result of the increasing 
localization of orbital φa3 on the FB atom as ΔR decreases. Thus, in MO terms, one would 
attribute the large increase in the FAS–FB bond energy to the decrease in the antibonding 
character in orbital φa3, facilitated by the polarity of the FAS–FB bond. 
 
